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INTRODUCTION  AND  ABSTRACT 


During  the  early  part  of  the  contract  year  just  closed,  a number  of  breaks 
ooourred  in  our  vacuum  lines,  one  of  whioh  led  to  an  explosion  but  none  of  whioh 
oaueed  injury  to  personnel.  Realizing  that  these  aooidents  were  probably  largely 
due  to  the  age  of  the  vaouum  lines,  parte  of  whioh  had  been  in  use  for  a long 
time,  we  have  devoted  considerable  time  to  rebuilding  all  of  them  completely.  As 
a result  the  laboratories  are  now  in  excellent  oondition.  Additional  time  had 
to  be  devoted  to  training  of  replacements  for  Dr,  Riley  Schaeffer  and  for  Mr, 

Amos  Leffler  who  resigned  as  of  August  1 and  Ootober  1 respectively. 

The  work  oovered  by  this  report  is  to  a considerable  extent  a continuation 
of  work  previously  begun  or  planned.  The  investigation  of  the  solubility  of 
diborane  in  ethyl  ether  at  temperatures  between  0”  and  25°  C*  and  at  pressures 
between  100  mm,  and  500  mm,  has  been  completed.  The  faot  that  the  solubility 
of  the  diborane  is  not  proportional  to  its  partial  pressure  is  interpreted  as 
due  to  partial  formation  of  a borine  etherate.  This  assumption  leads  to 
equations  which  fit  the  data  very  satisfactorily.  Within  the  temperature  and 
pressure  ranges  mentioned,  the  reaction  between  lithium  borohydride  and  boro- 
fluoride  seems  to  be  irreversible  in  ether  solution,  It  is  intended,  as  soon  as 
adequate  personnel  is  available,  to  extend  these  measurements  to  wider  pressure 
and  temperature  ranges* 

Although  progress  in  the  study  of  the  sub-ohlorides  of  boron  is  neoes- 
sarily  slow  because  of  the  time  required  to  produce  even  very  small  quantities 
of  the  desired  compounds,  considerable  advances  have  been  made.  The  decomposition 
of  the  di-diethyl  etherate  of  B-Cl.  into  the  mono-etherate , and  the  decomposition 
of  the  latter  into  ethyl  chloride  and  as  yet  unidentified  produots  has  been  studied. 
One  mole  of  tetrachlorodiborine,  BpCl  , in  ether  solution  has  been  shown  to  take 
up  one  mole  of  diborane  to  form  a relatively  unstable  product.  The  addition  of 
one  mole  of  tetrachlorodiborine  to  one  mole  of  ethylene,  in  the  absenoe  of  any 
solvent,  leads  to  a more  stable  product.  Further  6tudy  of  the  products  of 
these  reactions  should  lead  to  results  of  considerable  theoretical  interest. 

The  tetrachloride  also  reaots  with  lithium  hydride  in  the  presenoe  of  diethyl 
ether;  whether  the  ether  soluble  solid  produot  is  lithium  borohydride  or  some  new 
type  of  hydride  has  not  yet  been  ascertained,  The  reaction  of  the  sub-ohloride 
B.C1.  with  dimethyl  zino  seems  to  result  in  the  formation  of  a monomethyl 
derivative.  Its  reaction  with  water  and  with  methanol  has  led  to  conclusions 
oonoerning  its  structure  as  is  described  in  the  major  portion  of  this  report. 

Two  new  solid  hydrazine -borine  derivatives,  B_H^»2B(CH_)j  and 
N„H  •BgHg (CHL ) . , have  been  prepared.  The  former  undergoes  reversible  disso- 
ciation at  about  0°  C.  At  temperatures  below  2000  C»  mixtures  of  hydrazine  andra 
large  exoess  of  trimethyl  boron  (used  to  deorease  dissociation  of  the  adduct) 
undergo  no  appreciable  ohendoal  ohange;  at  higher  temperatures  methane  is  formed 
and  the  nitrogen  to  nitrogen  bond  is  broken,  as  shown  by  the  formation  of  B- 
dimethylaminoborine  as  the  only  major  product.  The  tetramethyldiborane  adduct, 
whioh  melts  at  about  10°  C.,  slowly  loses  two  moles  of  hydrogen  per  mole  of 
adduct  at  room  temperature.  The  produot  is  a liquid  of  a moleoular  weight  (by 
vwpor  density)  corresponding  closely  to  the  formula  RgBjJfH'NHiBR  , Rrom  the 
liquid  a solid  is  slowly  deposited,  Whether  this  is  a pc.3ymer  of  the  liquid 
oan  probably  be  ascertained  by  molecular  weight  determinations,  sinoe  the  solid 
is  soluble  in  benzene  from  whioh  it  oan  be  reorystallized.  It  seems  relatively 
inert  toward  air  and  moisture.  These  new  hydrazine  derivatives  are  oompared 
with  those  previously  reported. 
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As  an  approach  to  a detailed  study  of  borazole  derivatives,  the  prepare- 
tion  of  B-ohloro,  B»methyl  borasoles  has  been  investigated.  Since  the  use  of 
ethers  was  considered  undesirable,  Grignard  reagents  were  avoided,  and  attention 
was  directed  toward  metal  alkyls.  Considerable  time  was  devoted  to  efforts  to 
ascertain  temperatures  at  which  trimethyl  boron  or  dimethyl  zino  might  partially 
methylate  triohloroborasole  without  causing  decomposition  of  the  latter.  No 
satisfactory  results  were  obtained.  Indications  are  that  dimethyl  eino  used  in 
toluene  at  about  60°  C.  may  lead  to  the  desired  result. 

Experiments  have  been  started  on  the  pyrolysis  of  methyldiboranes,  i.e., 
of  mixtures  of  diborane  with  large  exoesses  of  trimethyl  boron.  The  reactions 
are  very  complex  and  the  identification  of  the  products  is  difficult.  Although 
the  work  is  in  its  earliest  stages  a few  tentative  conolusions  may  be  drawn  from 
the  qualitative  observations  thus  far  made,  as  is  described  in  the  body  of  the 
report,  where  a few  other  brief  experiments  are  mentioned. 

A considerable  number  of  papers  by  the  director  of  the  project  and  his 
numerous  collaborators  has  been  published  during  the  ourrent  oontraot  year. 

Those  involving  work  done  under  Navy  auspioes  have  been  distributed  as  technical 
reports.  They  are  listed  in  the  ) main  boc(y  of  this  report.  Mr.  Amos  Leffler 
has  presented  to  the  department  of  chemistry  at  the  University  Of  Chioago  a 
thesis  based  on  his  work  on  the  solubility  of  diborane  in  other  and  on  the 
reversibility  of  the  reaction  between  lithium  borohydride  and  borofluoride. 
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I.  THE  SOLUBILITY  OF  DIBORANE  IN  ETHYL  ETHER  AND  THE  REACT  I CB  BETWEEN  LITHIUM 
BOROHYDRIDB  AID  BOROFLUORIDE. 

A.  The  Solubility  of  Diborane  in  Ethyl  Ether . 

As  was  pointed  out  in  previous  reports  (F.R,  '51  and  '52)*  fairly 
aoourate  data  about  the  solubility  of  diborane  in  diethyl  ether  at  several 
pressures  and  temperatures  are  required  to  determine  quantitatively  whether 
the  reaotion 

3LiBH4  + LiBF4  - 2B2Hg  +4LiFi  (l) 

is  reversible  in  this  solvent.  If  the  solution  obeys  Henry's  law  the  fraction 

F (2) 

in  whioh  C is  the  nunber  of  mmoles  of  diborane  taken  up  per  100  g.  of  liquid 
ether  and  P is  the  partial  diborane  pressure  in  millimeters,  should  be  a 
constant*  Early  experiments  oarried  out  in  £he  pressure  range  of  about  100  - 
500  mm.  and  at  temperatures  from  0°  C.  to  25°  C.  indicated  that  the  values 
of  F were  probably  not  constant,  but  decreased  slightly  with  increasing 
pressures.  More  reliable  experiments  completed  about  September  16.  1952. 
but  not  hitherto  reported  now  fully  confirm  this  observation  as  shown  in 
Tables  I and  II. 


Table  I 


Solubility  of  Diborane  in  Diethyl  Ether  at  0°  C. 


Expt.  No. 

P! 

P1 

F2 

P2 

P3 

P3 

P4 

P4 

XLI 

0.0965 

606 

0.0956 

446 

0.0948 

394 

- 

- 

mix 

0.0964 

464 

0.0967 

401 

0.0963 

350 

0.0959 

306 

XXVI 

0.0978 

441 

0.0995 

389 

- 

- 

m 

- 

XLVI 

0.0990 

316 

0.0975 

260 

0.0985 

246 

0.0995 

216 

XXV 

0.1026 

233 

0.1039 

206 

0.1048 

162 

- 

- 

XXIII4 

0.1060 

182 

0.1086 

146 

0.1118 

127 

m 

- 

The  measurements  on  which  the  data  in  this  horizontal  row  are  based  were 
preoeded  by  a number  of  withdrawals  made  at  higher  temperatures.  The 
data  here  reoorded  are.  therefore,  probably  less  reliable  than  those  for 
the  other  experiments,  sinoe  the  data  beoome  less  reliable  with  eaoh 
successive  withdrawal* 


A The  symbol  F.R.  stands  for  Final  Report  for  the  year  ending  on  June  30th 
or  July  31st  of  the  year  indioated  by  the  numb rale . 
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Table  II 


Solubility  Data  at  9*5°  C. 


F 

0.0829 

0.0837 

0.0844 

0.0847 

0.0852 

0.0867 

0.0867 

Pmm 

269 

238 

213.4 

213 

196 

190.6 

169 

In  order  to  clarify  the  tables  it  is  necessary  to  review  briefly 
the  method  used  to  determine  the  values  ef  C and  P,  as  desoribed  lflore  fully 
in  F.R.  *61,  pp.  4-5.  Known  amounts  of  dijaorane  and  of  ether  were  introduced 
into  a reaotion  vessel  whioh  was  oonneoted  to  a "sampling  bulb"  and  a circu- 
lating pump.  After  the  mixture  had  reaohed  the  desired  temperature  the  vapors 
wens  circulated  through  th«  apparatus  in  such  a way  as  to  bubble  them  through 
the  solution  and  thus  to  assure  attainment  of  equilibrium.  After  a suitable 
stirring  period,  -the  sampling  bulb  was  isolated  from  the  rest  of  the  apparatus 
and  the  contents  of  the  former  were  removed  to  a vaouum  line  for  analysis. 

Prom  the  results  of  the  analysis  the  partial  pressure  of  the  diborane  and  its 
quantity  in  the  vapor  phase  could  be  calculated,  as  is  desoribed  in  detail 
later.  Subtraction  of  the  latter  amount  from  the  initial  total  diborane  then 
gave  the  amount  of  diborane  in  solution. 

The  first  removal  of  vapor  from  the  sampling  bulb  and  its  analysis 
gives  the  -values  designated  by  the  subscript  1 attached  to  the  symbols  F and 
P in  Table  I.  After  the  first  removal,  the  sampling  bulb  was  reopened  to  the 
rest  of  the  apparatus,  equilibrium  was  re-established,  the  sampling  bulb  was 
again  Isolated  and  its  contents  again  analyzed.  The  data  from  suoh  a seoond 
and  subsequent  withdrawals  are  indicated  by  the  subscripts  2,3  and  4.  In 
Table  II  the  F values  for  the  pressure  213.4  and  190.6  mm  were  successive 
values  in  experiment  XXIX  and  the  remaining  values  were  taken  from  experiment 
XXVIII. 

The  trend  referred  to  is  particularly  noticeable  in  the  values  of 
Table  II  and  in  the  F..  values  of  Table  I as  well  as  in  the  F. , F?,  and  F 
values  for  experiments  XLVI,  XXV  and  XXIII.  It  is  not  evident  ifi  the  F®  and 
F3  values  of  the  first  two  experiments  of  Table  I.  Since  these  values 
correspond  to  the  highest  pressures,  it  appears  that  the  trend  is  the  more 
pronounoed  at  the  smaller  pressures.  This  oonolusion  is  supported  by  the 
faot  that  two  solubility  determinations  made  at  24.65°  C.  led  to  the  F 
values  0.0748  and  0.0766  for  the  pressures  115.2  and  99.0  respectively. 

It  was  pointed  out  in  F.R.  ’52,  pp.  15  to  16,  that  such  a trend 
oould  be  accounted  for  on  the  assumption  that,  at  the  pressures  and  tempera- 
tures in  question,  diborane  reacts  reversibly  but  incompletely  with  diethyl 
ether  according  to  the  equation* 

B2S6  * !lCzW  ~ • °Wz  <*> 


It  was  then  shown  that  under  these  odndltifesie  F should  be  represented  by  the 
equation* 


Vs  * 


V 


OEt, 


P 


(4) 
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in  whioh  the  symbols  C represent,  for  eaoh  of  the  substanoes  indicated  by 
the  subscripts,  the  number  of  mmoles  per  100  g.  of  solvene  ether.  According 
to  Henry’s  law  the  term  Cg  g should  be  equal  to  the  produot  Kg»Pg  g in 

2 6 2 6 
which  Kg  is  the  Henry  law  oonstant,  whereas  the  term  Cjj  g.Qg^.  should  be 

i 3 2 

equal  to  the  produot  (Kg*Cg  g in  whioh  Kg  is  the  equilibrium  law  constant 


B2H6 

for  the  formation  of  the  borine  etherate. 
equation  (4)  leads  to  equation  (5)i 


Substitution  of  this  value  in 


K* 


Pi 


(5) 


i 

In  equation  (6)  K’  - (KgKg)8. 

As  is  to  be  expected  from  equation  (5)  plots  of  the  values  of  F 
of  Tables  I and  II  against  the  corresponding  values  of  l/v^  prove  to  be 
straight  lines  (Tigureo  l),  whioh  tfonfarm  to  the  equations^ 


0.339 


F.o„  - 0.0802  + 

U v • 


(6) 


and 


F o.  - 0.0687  + 

9,3  C.  i 

P® 


(7) 


How  closely  these  equations  reproduoe  the  experimentally  observed  values  of 
F (i.e.,  values  of  F obtained  by  dividing  by  P the  total  amount  of  diborane 
taken  up  by  100  g.  of  fcther)  is  shown  in  Tables  III  and  IV. 

Table  III 

Calculated  and  Observed  F Values  at  0°  C. 


P 

F x 102  (calo) 
F x 102  (obsv) 


505  454 

441  315 

. 233 

• J206 

I-.s.  182  . 

145 

127 

9.53  9.61 

9*63  9.93 

10,24 

10.38 

10.53 

10.84 

11.03 

9,55  9*64 

(9.78)  9.90 

10.24 

10.39 

10.50 

10.85 

(11.18) 

Table  IV 

Calculated  and  Observed  F Values  at  9.3°  C. 


P 

268 

238 

213.4 

196 

169 

F x 102  (calo) 

8.29 

8.37 

8.44 

8.53 

8.55 

8.66 

F x 102  (obsv) 

8.29 

8.37 

8.47 

8.52 

8.57 

8.67 

FIGURE  ONE 
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It  will  be  noted  that,  aside  from  the  F.  and  F_  values  of  ejqperiments  XLI  and 
XZXIX  (Table  I)  whioh  were  omitted  for  reasons9already  mentioned,  all  but  two 
of  the  calculated  values  agree  within  experimental  error  with  those  observog. 

From  the  two  values  of  F and  P oited  above  as  obtained  at  24.65°C., 
Kg  and  K<  at  this  temperature  have  the  values  reeorded  in  equation  (8)s 


P24.6°  C.  " °‘°658  + 


0.206 


(8) 


Although  the  value  of  K„  at  24.66°  C.,  i.e.,  0.0558,  is  based  on  only  two 
sets  of  experimental  data  and  is,  therefore,  less  reliable  than  the  values  for 
0°  and  9*3°  C.,  it  has  nevertheless  been  combined  with  the  later  two  values 
to  derive  equation  (9)» 


log  Kg  - -3.025  + (9) 

As  shown  in  Table  V this  equation  reproduces  tho  three  }L  values  fairly  well* 
Rrom  it  one  may  derive  the  value  -2400  oal/mole  for  the  neat  of  solution  of 
diborane  in  ether. 


Table  V 


Calculated  and 

Observed  Values 

of  Kg  at  Three  Temperatures 

t°  C. 

£ 

9.3°  24.6° 

Kg  (oale)  x 10^ 

8.00 

6.92  5.55 

Kg  (obsv)  x 10^ 

8.02 

6.84  5.58 

Our  results  depart  considerably  from  those  of  Elliott,  Roth, 

Roedel  and  Boldebuok  (J.A.C.S.,  74,  5211  (1952)).  At  20°,  for  example,  they 
report  for  the  quotient  of  the  dTEorane  concentration  by  the  diborane 
pressure  the  values  0.054,  0.053,  and  0.056  at  pressures  of  1687,  2447  and 
3526  mm.  respectively £ These  values  do  not  show  the  trend  demanded  by 
equations  of  the  type  p • a + 8 * nor  80  *k«y  aSree  with  the  values 

P5  3 

0.064,  0.063  and  0.062  calculated  by  us  from  suoh  an  equation.  At  lower 
temperatures  the  divergences  are  even  greater.  Although  the  procedure  used 
by  them  is  admittedly  not  of  the  highost  degree  of  precision,  we  hesitate 
to  asoribe  the  differences  trf  the  results  of  the  two  investigations  entirely 
to  inaoouraoies  of  the  earlier  one.  It  seems  more  likely  that  the  disore- 
panoies  are  due  to  what  is  essentially  too  extreme  an  extrapolation,  sinoe 
the  constants  used  in  our  equations  are  derived  from  measurements  at  pressures 
between  about  100  to  500  mm.,  whereas  their  data  lie'dn  the  pressure  range 


The  values  given  hore  are  expressed  in  the  units  used  by  us. 

d In  the  oaloulation  wo  used  for  A the  value  0.0592,  obtained  from  equa- 
tion (*))  and  estimated  the  value  0.210  for  B. 
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from  about  1100  to  5000  mm*  At  the  higher  pressures,  the  mixtures  of  diborane 
and  ether  vapor  may  no  longer  obey  the  perfect  gas  laws  or  Dalton's  law#  as 
is  the  case  in  the  pressure  range  employed  by  us*  (The  validity  of  the  gas 
laws  at  the  pressures  employed  by  us  has  been  shown  by  the  work  of  S*H.  Smith, 
Jr*,  and  R.R.  Miller,  J.A.C.S.,  72,  1452  (1950),  The  validity  of  Dalton's 
law  is  discussed  in  F,R.  *52,  p*~?4.)  It  is  interesting  that,  in  spite  of 
the  disagreement  in  the  t*o  sets  of  solubility  values,  the  heat  of  solution 
oaloulated  by  Elliott  et  al*  is  2000  oal*  as  oompared  with  our  value  of 
2400  oal*  per  mole. 

From  the  constants  of  equations  (6),  (7),  and  (8),  it  is  possible 
by  fche<. formula  K,  m (k^K^)^  ^as  ^ e1ua‘fc*>on  (5)),  to  oaloulate  values  for 

the  equilibrium  constant.  Kg,  for  the  reaction  B^Hg  ♦ 2(CgHg)20  Z 2HgBt  0(C2Hg)g 

The  values  so  obtained  are  1*43,  0*78  and  0*75  for  K_  at  0°,  9*3°  and  24*6° 
respectively.  Ye  oonsider  the  reliability  of  these  values  to  be  rather  low, 
especially  in  the  oase  of  the  last  one  sinoe  the  oaloulation  of  the  constants 
for  equation  (8)  was  based  on  only  two  values  each  for  F and  P*  For  this 
reason  we  oonsider  it  unjustified  to  make  a oaloulation  of  the  heat  of  reaotion. 

Although  there  is  considerable  evidence  supporting  the  hypothesis 
that  when  diborane  dissolves  in  diethyl  ether  a part  of  the  former  is  con- 
verted to  a borine-diethyletherate , we  do  not  oonsider  the  hypothesis  fully 
corroborated.  There  are  needed  additional  data  covering  larger  pressure  and 
temperature  ranges  and  additional  determinations  to  supplement  the  two  carried 
out  at  about  26  C.  For  the  purpose,  however,  of  determining  whether  the 
reaotion  between  lithium  borohydride  and  borofluoride  is  reversible,  equations 
of  the  type  p ^ „ + may  b^  satisfactorily  used,  whether  they  are  will 

P* 

grounded  in  theory  or  whether  they  are  to  be  considered  merely  empirical 
statements  of  fact. 


B • The  Reaction  Between  Lithium  Borohydride  and  Borofluoride. 


The  procedure  for  determining  whether  the  reaction 

SLiBH.  ♦ LiBF,  - 2B_HC  ♦ 4LiF  ^ (l) 

4 4 2 6 

goes  to  completion,  or  if  it  should  not,  what  the  equilibrium  ocnstant  might 
be,  was  essentially  the  same  as  that  for  the  solubility  determinations* 

That  is,  known  quantities  of  solid  lithium  borohydride,  solid  lithium  boro- 
fluoride, gaseous  diborane  and  liquid  diethyl  ether  were  introduced  into  the 
reaction  vessel,  which  was  then  opened  to  the  sampling  bulb.  After  the 
reaotion  vessel  had  attained  the  desired  temperature  and  the  oiroulating 
pump  had  been  in  operation  long  enough  to  assure  equilibrium,  the  contents 
of  the  sampling  bulb  were  removed  for  analysis* 

From  the  results  of  the  analysis  and  from  the  known  volumes  of 
the  sampling  bulb  and  of  the  total  free  gas  spaoe  of  the  entire  apparatus, 
the  partial  diborane  pressure  and  the  total  quantity  of  gaseous  diborane 


At  0 C.  equilibrium  was  established  very  slowly.  A nunfcer  of  orienting 
experiments  had  first  to  be  carried  out  to  asoertain  the  minimum  time  required 
for  completion  of  the  reaotion* 
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present  were  oaloulated,  as  in  the  solubility  determinations.  The  amount 
of  diborane  whioh  had  gone  into  solution  was  then  oaloulated  from  the  pressure 
by  the  equations i 


(6) 


and 


C - PP 


(2) 


in  whioh  C is  the  number  of  millimoles  of  diborane  taken  up  by  100  g*  of  ether* 
Since  the  reaction  vessel  invariably  contained  less  than  this  quantity  of 
ether  the  quantity  C had  to  be  multiplied  by  the  fraction « wt.  ether/100  to 
obtain  the  amount  of  diborane  aotually  dissolved* 

In  these  experiments  app"  ooiable  quantities  of  hydrogen  were 
evolved,  probably  beoause  it  was  impossible  completely  to  avoid  introduction 
of  moisture  during  the  transfer  of  the  solids  to  the  reaction  vessel*  The 
hydrogen  so  evolved  constitutes  a loss  of  diborane*  Consequently  ttm  total 
diborane  obtained  is  considered  the  sum  of  that  present  in  the  gas  phase  plus 
that  gone  into  solution  plus  the  diborane  equivalent  of  the  hydrogen  generated. 
The  total  amount  of  diborane  oaloulated  as  described  was  then  c ompared  with 
the  sum  of  the  amount  of  diborane  originally  introduced  into  the  reaction 
vessel  plus  that  obtainable  by  complete  interaction  according  to  equation(l). 

The  results  are  recorded  in  Table  VI*  In  oolumn  1,  the  letters 
A and  B attaohed  to  the  experiment  number  indicate  the  results  of  the  first 
and  second  withdrawals  of  diborane  from  the  sampling  bulb*  In  the  third  and 
fourth  columns,  the  asterisks  indicate  whioh  of  the  two  salts  wasnpresent 
in  less  than  the  sto  ichiometria  ratio*  Columns  5 and  6 record  the  amounts  of 
diborane  and  of  ether  initially  introduced  into  the  reaction  vessel.  Column 
7r;gives  the  sum  of  the  amount  of  diborane  fbund  to  be  present  in  the  gas 
phase,  plus  that  present  in  the  ether  solution  plus  a correction  fbr  the  amount 
lost  by  the  action  of  unavoidable  moisture,  as  described  later*  Column  8 
oontains  the  sum  of  the  amount  of  diborane  originally  introduced  into  the 
reaction  system  plus  that  whioh  would  have  been  formed  by  complete  interaction 
of  the  two  salts.  The  latter  quantity  is  twice  the  initial  amount  of  the 
borofluorido  when  the  borohydride  is  present  in  exooss,  or  2/3  of  the  initial 
borohydride  if  the  other  salt  is  present  in  excess*  Tho  amounts  of  the 
salts  was  so  chosen  that,  if  the  reaction  went  to  completion  or  nearly  so, 
tho  concentration  of  residual  salt  would  be  too  small  to  affeot  the  solubility 
of  diborane .6  If  two  withdrawals  were  made  from  the  sampling  bult,  tho 
theoretically  obtainable  diborane  for  the  seeond  withdrawal  is  that  oaloulated 
for  the  first  withdrawal  diminished  by  tho  amount  that  was  removed  from  the 
sampling  bulb  in  the  first  withdrawal* 

Table  VI  disoloses  irhat,  in  view  of  the  sources  of  error,  are 
relatively  small  differences  between  the  amount  of  diborane  aooouxxted  far  and 
that  oaloulated  on  the  assumption  of  complete  reaction*  It  is  true  that  in 


By  tho  "amount  dissolved"  is  meant  tho  quantity  of  diborane  present  as 
suoh  and  that  pro  sent  as  H_BiO  (Et)«.  Tho  oenstants  K and  K’  were  taken 
tram,  equations  (6)  and  ^^respectively*  H 

g 

Aotual  solubility  determinations  of  diborano  in  ether  containing  small 
quantities  of  tho  salts  justified  this  assumption. 


n 


Table  VI 

Tabulated  Data  for  Beaotion  of  LlfiH.  with  L1BF. 

4 4 


Exp* 

No. 

1 

t°C. 

2 

Starting  Materials  (m.moles) 
LiBH4  LiBF4  B^Hg  Etg0 

(g») 

3 4 5 6 

Total  BgHg 
at 

equilibrium 

(m.moles) 

7 

Total 

B2H6 
Theory 
(m  .moles) 
8 

Diff- 

erence 

9 

XXXI 

9.3 

29.67* 

10.78 

0.00 

57.47 

18.90 

19.78 

-4.4# 

XXXIII 

A 

9.3 

7.01 

2 .10* 

17.80 

29.58 

21.77 

22.00 

-1.1# 

B 

9.3 

7.01 

2.10* 

17.80 

29.58 

19.06 

18.95 

+0.5# 

XLIV 

0.0 

38.01 

10.18* 

9.32 

29.51 

29.00 

29.68 

-1.3# 

XLV 

A 

0.0 

25.55* 

9.55 

14.453 

35.25 

31.82 

31.56 

+0.9# 

B 

0.0 

25.55* 

9.55 

14.453 

35.25 

27.19 

27.85 

-2.0# 

Stoiohianetrioally  deficient  compound* 
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in  all  but  one  ease  the  amount  of  dlborane  found  ia  slightly  lees  than  the 
oaloulated  value*  There  are  adequate  reasons  for  believing  that  the  dis* 
orepanoy  is  not  due  to  inoompleteness  of  the  reaotion*  The  olosest  agree- 
ment between  observation  and  theory  was  aohieved  in  the  reaotion  in  which 
the  largest  amount  of  diborane  was  initially  present)  under  these  oonditions 
reversibility  would  have  led  to  the  largest  rather  than  the  smallest  difference 
between  the  observed  and  oaloulated  values*  In  the  seoond  plaoe  the  faot 
that  the  amount  of  diborane  reocvered  is  usually  slightly  less  than  the  theory 
is  just  what  one  would  expeot  frcoi  the  sensitivity  of  lithium  borohydride  to 
air  and  moisture;  it  is,  therefore,  subject  to  deterioration  during  the 
pr ooess  of  transfer  from  the  weighing  bottles  to  the  reaotion  vessel 

It  wasnoriginally  intended  to  examine  the  reverse  reaotion  also, 
i.e.,  the  reaotion  between  lithium  fluoride  and  diborane  in  the  presenoe  of 
ether*  Preliminary  experiments  showed  that  such  an  undertaking  would  be 
indecisive*  These  experiments  were  carried  out  in  a piece  of  apparatus 
consisting  of  two  bulbs  joined  by  glass  tubing  bent  almost  at  right  angles* 

The  tubing  oarried  a sealed- in  fritted  disk.  Into  one  of  the  bulbs  diborane, 
lithium  fluoride®  and  ether  were  introduoedunder  as  nearly  anhydrous  conditions 
as  possible*  The  apparatus,  after  it  had  been  sealed,  was  shaken  with  care 
that  none  of  the  liquid  encountered  the  disk*  After  long  oontinued  agitation, 
the  apparatus  was  tilted  so  that  the  liquid  oould  be  filtered  through  the 
disk  into  the  empty  bulb  whioh  was  cooled  to  facilitate  the  filtration.  The 
apparatus  was  then  opened  to  the  vaouum  line,  and  the  ether  was  removed*  The 
filtered  solution  left  no,  or  praotioally  no  solid  residue  as  would  have  been 
the  case  if  the  fluoride  had  reaoted  with  the  diborane* 

These  results  establish  that  at  the  temperatures  and  pressures 
employed  by  us  the  reaotion  in  question  is  not  appreciably  reversible.  Fur- 
thermore in  the  experiments  on  the  possible  reaotion  of  diborane  on  lithium 
fluoride  the  oaloulated  diborane  pressures  were  somewhat  greater  than  atmos- 
pheric but  also  indicated  irreversibility.  Nevertheless  it  is  possible 
that  at  still  higher  pressures  slight  reversibility  might  be  observed  — a 
question  whioh  requires  further  study. 


Experimental  Details. 


The  apparatus  and  procedures  employed  in  the  solubility  and 
equilibrium  studies  were  described  in  earlier  reports  in  only  schematic 
fashion*  A more  detailed  description  is  now  given  in  parts  1 and  2 of  this 
seotion  of  the  present  report*  The  values  of  tho  fractions  F and  of  the 
partial  diborane  pressure  in  Table*  I and  II  are  values  oaloulated  fran 
the  experimental  data  reoorded  in  Tables  VII,  VIII,  and  IX  of  part  3 of 
this  seotion*  The  method  of  calculation  is  illustrated  in  part  4,  and  the 
experimental  data  for  the  equilibrium  experiments  are  reoorded  in  Table  X, 
part  5* 


The  initial  quantities  of  the  two  salts  have  been  oorreoted  for  the  pre- 
senoe of  impurities*  In  the  oase  of  the  borohydride,  slight  deterioration 
oould  headily  have  ooourred  after  the  analysis  had  been  made* 

0 

Several  samples  of  lithium  fluoride  were  used*  One  of  these  was  ob- 
tained by  interaction  of  lithium  borohydride  and  borofluoride  in  ether* 

Exoess  soluble  salts  were  washed  away  with  ether,  and  the  lithium  fluoride  was 
used  without  oomplete  evaporation  of  the  ether,  in  order  to  avoid  deoreasing 
its  reaotivity*  All  samples  used,  whether  prepared  in  this  or  other  ways, 
behaved  alike* 
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1«)  Apparatus . 

The  apparatus  consisted  of  a vacuum  line  suoh  as  those  described 
in  Stook's  and  in  Sanderson's  books^,  oonneoted  to  a part  in  whioh  the  solu* 
bility  and  equilibrium  experiments  were  carried  out*  The  vaouum  line  was 
used  for  the  preparation  and  purification  of  the  diborane,  for  determination 
of  the  quantity  of  diborane  initially  used  in  each  experiment,  and  for  analysis 
of  the  vapor  after  equilibrium  in  the  two  types  of  experiments  had  been 
attained* 

The  apparatus  in  whioh  the  experiments  were  oarried  out  consisted,  as 
already  mentioned,  of  a reaction  vessel  *tKY?le'V,e&mplingt'bttlb\"SB,"  . » ' 
and  the  circulating  pump,  oonneoted  with  eaoh  other  as  shown  in  figure  2. 

The  sampling  bulb  oould  be  isolated  from  the  rest  of  the  apparatus  by  means 
of  the  one  and  the  two-way  stopoooks  shown*  By  appropriate  adjustment  of 
the  latter,  the  "equilibrium  apparatus"  oould  be  opened  to  the  vaouum  line 
or  closed  off  from  it*  The  total  volume  of  the  apparatus,  as  well  as  the 
volume  of  the  portion  between  the  two  stop-oooks  were  accurately  determined* 

The  circulating  pump  and  the  associated  valves  £ and  P,  used  to  assure 
equilibrium  within  the  solutions  and  between  liquid  and  vapor,  followed  a 
design  employed  at  the  Naval  Research  laboratory*  Instead  of  the  glass  piston 
used  there,  we  employed  one  made  of  a thin  shell  of  stainless  steel,  provided 
as  shown  in  figure  2,  with  phosphor  bronze  springs  to  take  up  the  impaoe  QU9 
to  the  stroke*  Like  the  glass  pistons  of  the  original  design,  the  stainless 
steel  piston  contained  an  iron  oore*  The  advantage  of  the  modification  U3ed 
by  us  is  that  it  avoided  breakage  resulting  from  too  rapid  a piston  stroke. 

The  device  whioh  alternately  aotuated  and  deactivated  the  magnets  con- 
trolling the  piston  and  the  valves,  and  whioh  synchronised  -the  aotion  of 
piston  and  valves  is  shown  in  figure  3*  It  consisted  of  a synchronous  motor 
geared  to  operate  a can  at  about  4 8*|.M.  An  arm  controlled  by  the  oam 
alternately  opened  and  closed  a mioroswitch  to  energize  the  solenoids*  The 
pumping  cycle  consisted  of  two  staps;  in  the  first  step  the  piston  and  valve 
E were  energized  to  oompress  the  gas;  in  the  second  step,  valve  F was  opened! 
to  equalize  the  pressure  in  the  system*  Because  the  solenoids  had  a 1cm 
ohmio  resistance  they  oould  only  be  operated  for  short  periods  of  time  without 
overheating*  Operation  of  the  pump  circulated  the  vapors  in  suoh  a dire ot ion 
that  they  bubbled  through  the  liquid  oontained  in  the  reaction  vessel  and 
thus  not  only  aided  in  attaining  equilibrium  between  vapor  and  liquid,  but 
also  stirred  the  liquid  solution. 

For  reasons  already  mentioned,  only  the  reaction  vessel  (KV)  was  maintains' 
at  a oonstant  temperature  lower  than  that  of  the  rest  of  the  apparatus.  For 
the  measurements  at  0°  C.,  an  ioe-water  mixture  oontained  in  a dewar  vessel 
was  used  as  the  thermostat;  at  higher  temperatures,  an  eleotrioally  controlled 
water  bath  was  used*  This  control  circuit  is  illustrated  in  ’Teissberger*^ 


Stook,  A«,  "Chemistry  of  Hydrides  of  Boron  and  Silicon,"  Cornell  Univer- 
sity Press,  Ithaoa,  New  York,  1933* 

Sanderson,  B*,  "Vaouum  Manipulations  of  Volatile  Compounds,"  John  Wiley 
and  Sons,  New  York,  N.Y.,  1948, 

^ Weissberger,  A*,  "Physical  Methods  of  Organio  Chemistry,"  Intersoienoe 
Publishers,  New  York,  N*Y.,  2nd  Edition,  1949,  p,  42* 
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2*)  Prooedure. 

To  determine  the  solubility  ofl  diborane  in  ether*  the  following 
prooedure  was  used*  Ether*  dried  over  lithium  aluminum  hydride*  was  plaoed 
in  a flask  equipped  with  a standard  taper*  weighed*  and  then  attached  to  the 
vaouum  system.  The  ether  was  oooled  to  liquid  nitrogen  temperature  and  the 
air  in  the  flask  pumped  out*  making  oertain*  by  pumping  through  a trpp  at  liw 
quid  nitrogen  temperature.,:  that  no  ether,  was  loot.  Then  the  ether  was  allowed 
to  warm  and  a definite  amount  was  distilldd  into  weaotionveasel  ETT  (of*  fig* 

2)*  The  ether  supply  flask  was  then  filled  with  dry  nitrogen*  removed  from 
the  vaouum  system  and  weighed  again*  The  differenoe  between  the  two  weights 
gave  the  amount  of  ether  introduoed  into  the  equilibrium  system* 

The  diborane  used  was  oheoked  for  purity  by  vapor  pressure  measurement* 

(225  mm*  at  -111*9°  C*)*  and  measured  by  the  use  of  a standard  volume  bulb* 

It  was  then  oondensed  into  reaotion  vessel  RV  by  the  use  of  liquid  nitrogen* 
Next  the  equilibrium  system  was  isolated  from  the  vaouum  line  by  adjustment 
of  the  two-way  stop-oook*  and  the  ether-diborane  mixture  was  allowed  to  warm 
to  approximately  0°  C. 

The  ether-diborane  mixtures  were  allowed  to  stand  in  the  reaotion  system 
overnight  at  the  temperature  of  the  experiment,  and  were  then  stirred  inter- 
mittently for  three  hours.  That  this  procedure  assured  attainment  of  equi- 
librium between  diborane  and  the  ether  solution  had  been  demonstrated  by 
earlier  exploratory  experiments.  In  these,  a manometer*  attaohed  to  the 
reaotion  system*  showed  no  ohanges  in  the  pressure  above  solutions  of  diborane 
in  ether  after  the  pump  had  been  operated  intermittently  for  one  hour^l. 

After  the  three  hour  period  of  stirring,  the  sampling  bulb  was  isolated  from 
the  rest  of  the  reaotion  system,  and  oonnected  to  the  vacuum  line  by  appro- 
priate adjustment  of  the  stop-cooks.  The  volatile,  but  oondensable,  contents 
of  the  sampling  bulb  were  then  oondensed  by  use  of  liquid  nitrogen  into  a 
suitable  portion  of  the  vaouum  system.  The  small  amounts  of  hydrogen  usually 
present  in  the  sampling  bulb  wore  removed  by  a Toepler  pump,  and  measured. 

The  oondensable  material  was  evaporated  into  a calibrated  portion  of  the 
vaouum  line  and  its  pressure  determined  at  room  temperature.  This  vapor 
pressure  was  then  used  to  oaloulate  the  vapor  pressure  of  the  ether  and  diborane 
in  the  sample  bulb.  The  differenoe  between  this  calculated  vapor  pressure 
and  that  determined  from  the  hydrolysis  of  the  diborane  gave  the  vapor  pressure 
of  the  ether  at  the  temperature  of  the  reaotion  vessel.  This  always  agreed 
within  5 mm.  of  the  tabulated  value  or  else  the  determination  was  rejected. 

No  other  use  of  the  vapor  pressure  was  made. 

All  of  the  material  was  then  oondensed  at  -196°  C.  into  a 100  ml.  side- 
arm  flask  which  had  been  oonneoted  to  the  vaouum  system  by  a standard  taper, 
and  which  contained  enough  water  (frozen)  to  hydrolyze  the  diborane.  The 
flask  was  then  sealed  off  and  warmed  to  room  temperature.  To  complete  the 
hydrolysis,  the  flask  was  finally  heated  on  a steam  bath.  After  opening  the 
flask  to  the  vacuum  line  through  a vaouum  tube  opener,  the  hydrogen  generated 
was  measured  in  the  usual  way. 

In  the  experiments  for  determining  whether  the  reactions 

3UBH4  ♦ LiBF4  lOSL*  4LiF  ♦ 2BgH6  (l) 

goes  to  oompletion,  the  prooedure  was  essentially  the  same  as  that  used  in 


The  manometer  was  not  retained  in  the  final  portion  of  the  apparatus  be- 
oauae  its  inclusion  oreated  "dead  spaces"  whioh  adversely  affeoted  the  relia- 
bility of  the  results. 
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the  solubility  measurements , except  that  before  the  introduction  of  the  ether 
and  diborane  into  the  reaotion  system,  the  vessel  EV  was  oharged  with  appro- 
priate weighed  quantities  of  dry  lithium  borohydride  and  lithium  borofluoride. 
In  the  experiments  involving  this  reaotion  at  0°  C.,  the  stirring  time  was 
considerably  lengthened  beoause  preliminary  experiments  indicated  that  the 
reaotion  is  fairly  slow  at  that  temperature. 


3 . ) Experimental  Data  for  the  Solubility  Measurements. 

The  experimental  data  used  in  the  oaloulation  of  the  values  reoorded 
in  Tables  I and  II  and  for  the  solubilities  at  24.65°  C.  (p.  6)  are  oontained 
in  Tables  VII,  VIII  and  IX.  In  the  h tter  tables,  column  1 records  the  weight 
of  liquid  ether  left  in  the  reaction  vessel  after  the  system  had  become  satu- 
rated with  ether  vapor.  The  method  of  determining  this  value  not  only  for  the 
first  withdrawal  of  vapor  from  the  sampling  bulb,  but  also  for  subsequent 
withdrawals  is  described  in  the  "sample  solubility  calculation."  Column  2 
represents  the  uncorreoted  total  amount  of  diborane  present  in  the  system;  how 
this  amount  is  calculated  for  the  experiments  indicated  by  the  letters  B,  C, 
or  D is  also  described  in  the  "sample  solubility  calculation."  The  data  of 
column  3 represent  one-sixth  of  the  amount  of  hydrogen  found  to  be  present 
in  the  total  gas  volume  at  the  time  of  the  first  withdrawal.  This  hydrogen 
is  assumed  to  have  resulted  from  the  aotion  of  traces  of  water  according  to 
the  equation* 


B2h6  * 6H20  - 2H3B03  ♦ 6H2 
12 

It  thus  constitutes  a loss  of  diborane.  Column  4 is  obtained  by  subtracting 
from  the  uncorreoted  total  diborane  (column  2)  the  amount  lost  by  this  hydro- 
lysis (column  3).  (The  reason  why  no  suoh  correction  is  made  in  experiments 
labeled  B,  C,  and  D is  stated  in  footnote  15^.p.  Column  5 records  the 

amounts  of  diborane  vapor  found  by  analysis  to  have  been  present  in  the 
sampling  bulb  at  equilibrium.  Column  6 is  the  free  gas  volume  of  the  appara- 
tus. Column  7 records  the  amounts  of  diborane  in  the  total  gas  phase  qt 
equilibrium,  column  8 the  amounts  of  diborane  taken  up  by  the  amounts  of 
ether  listed  in  column  1,  column  9 the  partial  diborane  pressures,  and  column 
10  the  values  of  the  fraction  F.  The  calculations  by  which  the  data  of 
oolumns  6,  7,  8,  9,  and  10  are  obtained  are  described  in  the  "sample 
solubility  calculation." 


4.)  Sample  Solubility  Calculation. 


fraction 


The  steps  by  whioh  the  numerator  and  the  denominator  of  the 


„ _ of  Wer  100  s* 

F m "la*"al> 

partial  pressure  of  BgHg 


12 

Experiments  in  whioh  this  loss  corresponded  to  more  than  a fraotion  of 
one  peroent  were  disoarded. 
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were  obtained  ft*om  the  data  of  Tables  VII  to  IX  are  illustrated  by  reference 
first  to  experiment  XXVI  A and  then  to  experiment  XXVI  B of  Table  VII. 

The  free  gas  volume  of  the  apparatus,  needed  for  some  of  the  subsequent 
steps,  was  obtained  by  subtracting  the  volume  of  liquid  ether  ft* an  the  total 
volume  of  the  apparatus  (466.6  oo.)  In  experiment  XXVI  A,  40.61  g.  or  66.0 

00.  of  ether15  was  introduced  into  the  apparatus,  leaving  410.6  oo.  for  a 
first  approximation  of  the  free  volume.  This  value  does  not  take  into 
consideration  the  amount  of  ether  that  evaporated.  But  the  value  410.6  oo. 
in  conjunction  with  the  known  vapor  tension  and  moleeular  weight  of  ether 
oould  be  used  to  calculate,  by  the  gas  laws,  the  amount  of  liquid  ether  lost 
by  evaporation.  The  calculation  in  the  oase  of  experiment  XXVI  A led  to  the 
value  0.31  g.  Hence  the  corrected  value  for  the  weight  of  ether  was  40.51 

- 0.31,  or  40.20  g.  (as  recorded  in  oolumn  l);  the  oorreoted  volume  of  liquid 
ether  was  54.6  ce.,  and  the  oorreoted  free  volume  was  465.6  - 54.6  ■ 411.0 
(column  6). 14 

The  partial  pressure  of  the  diborane  was  calculated  according  to  the  gas 
laws  from  the  amount  of  diborane  (2.943  mmoles,  as  reoorded  in  oolumn  6), 
found  by  analysis  to  be  present  in  the  sampling  bulb,  in  conjunction  with 
the  known  volume  of  this  bulb  (123.6  oo.)  and  its  temperature  (297.8°  C)«  The 
value  thus  calculated  is  reoorded  as  442.2  mm.  in  oolumn  9. 

By  multiplying  the  amount  of  diborane  in  the  sampling  bulb  (2.943  mmoles) 
by  the  ratio  of  the  total  free  gas  volume  to  the  volume  of  the  sampling  bulb, 

1. e.,  by  411.0/123.6,  the  value  9.78  mmoles  was  obtained  for  the  total  amount 
of  diborane  in  the  gas  phase  (oolumn  7)  • 

To  obtain  the  amount  of  diborane  taken  up  by  the  40.20  g.  of  liquid  ether, 
the  amount  of  diborane  in  the  gas  phase  is  subtracted  from  the  total  amount 
of  diborane  present.  The  latter  quantity  is  the  quantity  initially  measured 
out  (27.148  moles,  column  2)  less  the  amount  lost  by  hydrolysis  (0.017  mmoles, 
oolumn  3)  or  27.131  mmoles  as  reoorded  in  oolumn  4.  Hence,  in  experiment 
XXVI  A the  amount  of  diborane  in  40.20  g.  of  liquid  ether  was  27.131  - 9.786  • 
17.345  mmoles  (oolumn  8).  To  obtain  the  amount  of  diborane  per  100  g.  of 
solvent,  the  last  named  quantity  was  multiplied  by  100/40.20  to  give  43.147 
mmoles.  Henoe  the  value  of  F for  the  experiment  in  question  was  43 .liV/442 .2 

- 0.0976. 

The  corresponding  calculation  for  experiment  XXVI  B differs  only  very 
slightly  fran  the  preceding  one.  For  this  oase,  the  total  amount  of  diborane 
(oolumn  2 for  experiment  XXVI  A)  was  found  by  subtracting  the  amount  of 
diborane  removed  from  the  sampling  bulb  in  experiment  XXVI  A (2.943  mmoles, 
oolumn  5 for  this  experiment)  from  the  oorreoted  total  amount  of  diborane  of 
experiment  XXVI  A,  i.e.  from  27.131  (oolumn  4),  giving  the  value  24.188  as 
reoorded  in  oolumn  2 for  experiment  XXVI  B.15  s>inoe  removal  of  diborane 
from  the  sampling  bulb  in  experiment  XXVI  A oarried  with  it  some  ether  vapor, 


The  density  of  ether  at  0°  C.  is  0.736  g./oo. 

14 

Aotually  the  liquid  in  the  apparatus  is  a solution  of  diborane  in  ether 
rather  than  pure  ether,  and  the  wse  of  the  vapor  tension  of  the  latter  in  the 
oalouiation  of  the  ether  lost  by  evaporation  introduces  an  error.  However, 
sinoe  tiie  amount  of  liquid  oaloulated  as  lost  by  evaporation  never  amounted  to 
more  than  about  one  per  oent  and  sinoe  the  mole  fraction  of  diborane  in  these 
experiments  was  relatively  small,  the  error  introduced  by  neglecting  the  low- 
ering of  the  ether  vapor  tension  of  the  ether  was  insignifioant. 

Bo  further  ^correction  for  loss  of  diborane  is  needed  sinoe  only  in  ex- 
periments that  wore  discarded  was  thero  wvidenoe  of  additional  hydrogen  ovolu- 
tion.  Henoe  the  values  recorded  in  oolumns  2 and  4 for  XXVI  B are  identical. 


19 


a oorreotion  was  made  for  the  amount  of  liquid  eo  lost.  The  oorreotion  was 
oaloulated  as  was  the  calculation  for  the  amount  of  ether  lost  by  evaporation, 
exoept  that  in  this  oase  the  volume  of  the  sampling  bulb  instead  of  that  of 
the  whole  apparatus  was  used.  In  the  oase  in  question  the  amount  of  ether 
withdrawn  was  oaloulated  to  bs  0.1  g.,  leaving  40.1  g.  (column  l)  for  the 
residual  ether.  In  oases  in  tfiioh  more  than  two  samples  of  diborane  were 
removed,  the  pattern  of  calculation  followed  that  described  for  experiment 
XXVI  B. 


6.)  Experimental  Data  for  the  Equilibrium  Experiments. 

The  experimental  data  whioh  led  to  the  calculation  that  the 

reaotion 

3LiBH4  + LiBF4  - 2BgH6  + 4LiF 

is  not  appreciably  reversible  under  the  conditions  of  our  experiments  are 
recorded. in  Table  X,  the  first  four  oolumns  of  which  are  self  explanatory. 
Column  5 records  the  amounts  of  diborane  added  to  the  reaotion  mixture 
initially  in  all  but  the  first  of  the  experiments  listed.  The  quantities 
of  ether  listed  in  column  6 represent  the  initial  amounts  of  ether  corrected 
for  the  quantities  lost  from  the  liquid  by  evaporation^  nd  for  the  B 
experiments  by  withdrawal  from  the  sampling  bulb,  as  described  in  the  "sample 
solubility  calculation."  Column  7 records  the  quantities  of  diborane  found 
by  analysis  to  have  been  present  in  the  sampling  bulb  after  equilibrium  between 
the  ether  solutionsoof  the  two  salts  and  the  diborane  had  been  established. 

The  equilibrium  partial  pressures  of  diborane  (oolumn  8)  and  the  amount  of 
diborane  in  the  free  gas  spa  ae  at  equilibrium  (column  9)  were  obtained  as 
described  in  the  sample  calculation  already  referred  to. 16  The  amounts  of 
diborane  in  solution  at  equilibrium  (oolumn  10)  were  calculated  from  equations 
46)  and  (2)  as  described  on  page  10  • 1?  Column  11  reoords  the  amount 
of  diborane  lost  by  hydrolysis  as  discussed  in  the  description  of  Tables  VII, 
VIII  and  IX.  Column  12  is  the  sun  of  the  data  of  columns  9,  10  and  11  and 
thus  represents  the  total  diborane  recovered. 

Column  13  is  the  theoretical  amount  of  diborane  obtainable  from  the 
amount  of  diborane  initially  added  to  the  reaction  fixture  plus  that  whioh 
would  have  been  obtained  had  the  reaotion  between  the  borohydride  and  the 
borofluoride  gone  to  completion,  oaloulated  as  described  on  page  lo  . Had 
this  condition  been  fulfilled,  the  values  in  columns  12  and  13  should  have 
been  identioal.  Only  in  experiment  XXXI  is  the  departure  from  this  identity 
beyond  experimental  error.  The  greater  deviation  found  in  the  first  recorded 
experiment  is  probably  also  asoribable  to  experimental  error  since  in  this 
experiment,  in  whioh  no  diborane  was  added  to  the  reaotion  mixture,  one 
would  expoot  the  smallest  degree  of  reversibility. 


16 

The  latter  also  desoribes  the  method  used  for  calculating  the  total  free 
gas  spaoe  required  for  several  of  the  oaloulations. 

17 

The  appropriate  values  for  the  constants  Kg  and  K*  were  taken  from  equa- 
tions (6)  and  (7),  page  6 . 
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II.  FURTHER  STUDIES  CM  THE  SUB-CHLORIDES  OF  BORON. 

A.  Reactions  of  Tetraohlorodiborine. 

1.)  Etherates. 


As  previously  reported  (F.R.  *484  p.  28),  tetraohlorodiborine 
forme  both  a di-  and  a mono-  etherate  with  diethylether.  Neither  is  very 
stable  as  is  illustrated  by  the  following  example* 

A mixture  of  2.09  mmoles  of  tetraohlorodiborine  in  8.63  mmoles  of 
diethyl  ether  was  prepared  at  -80°  C.  in  the  abaenoe  of  air  and  moisture. 

By  stirring  and  gradually  warming  the  mixture  to  room  temperature , a olear, 
oolorless  solution  was  obtained.  Reoooling  of  the  latter  to  -80°  C.  oaused 
the  preoipitation  of  white  crystals,  from  which  4.59  mmoles  of  ether  oould 
be  removed  by  pumping  at  temperatures  not  exceeding  -46°  C.  The  4.04 
mmoles  of  ether  thus  remaining  in  the  crystals  constituted  an  Et-O/B.Cl, 
ratio  of  1.93/1.00.  When  the  oryetals  were  warmed  to  -23°  C.,  an  additional 
2 mmoles  of  ether  was  removed,  leaving  a yellow  visoous  liquid  in  which 
the  EtgO/bgCl^  ratio  was  0.97/1.00.  Further  warming  of  the  liquid  to  room 
temperature  resulted  in  the  evolution  of  4.55  mmoles  of  ethyl  ohloride,  or 
2.18  mmoles  of  ethyl  chloride  per  mole  of  the  mono-etherate . In  view  of  the 
complexity  of  the  experiment  and  the  small  quantities  involved,  this  result 
indicates  that  all  of  the  ethyl  groups  in  the  monoetherate  are  converted 
to  ethyl  chloride,  a point  of  some  interest  in  oonneotion  with  the  behavior 
of  tetraohlorodiborine  toward  diborane  (Sedition  II.  A (3))  and  with  the 
methanolysis  of  the  oompound  B.C1'  (Section  II  B (2)).  The  glassy,  yellow 
solid  obtained  simultaneously  with  the  ethyl  ohloride  has  not  yet  been 
studied  in  detail. 


2.)  The  Reaotion  of  Tetraohlorodiborine  with  Lithium  Hydride. 

Although  unsolvated  liquid  tetraohlorodiborine  does  not 
reaot  with  lithium  hydride,  a reaotion  seemed  to  occur  when  a mixture  con- 
taining 2 moles  of  lithium  hydride  per  mole  of  tetraohlorodiborine  was 
stirred  at  room  temperature  for  2 hours  in  the  presenoe  of  excess  diethyl 
ether.  This  statement  is  based  on  two  observations.  First,  the  amount  oT 
ether  retained  after  evaouation  of  the  mixture  at  -80°  C.  corresponded  to 
an  EtgO/B  Cl  ratio  of  only  1.64/1.00  instead  of  the  2/l  ratio,  character- 
istic of  unchanged  tetraohlorodiborine.  In  the  seoond  place,  filtration  of 
mixtures  obtained  by  the  interaction  of  ethereal  solution  of  the  tetra- 
chloride with  lithium  hydride,  showed  the  presenoe  of  an  ether  soluble  solid 
containing  aotive  hydrogen.  Too  little  ff  this  material  was  obtained  for 
analysis;  whether  it  is  lithium  b or chy dr ide,  or  a oompound  such  as  Li.B_Cl.H_ 
only  further  study  oan  disclose.  All  that  oan  be  said  at  present  is  that  42 
the  reaction  as  oarried  out  had  probably  not  gone  to  completion,  sinoe  the 
amount  of  aotive  hydrogen  in  the  ether  soluble  fraotion  was  only  abogt  one- 
fifth  of  the  hydrogen  of  the  lithium  hydride  used.  Repetition  of  the  ex- 
periment is  under  way. 


3.)  The  Reaotion  of  Tetraohlorodiborine  idith  Diborane. 

An  earlier  study  of  the  reaction  of  tetraohlorodiborine  with 
diborane  (F.R.  '49,  p.  5)  gave  results  difficult  to  interpret  beoause 
the  reaotion  yielded  only  boron  triohloride  and  unidentified  visoous  liquid 
and  waxy  solid  materials,  obtained  in  amounts  too  anall  for  investigation. 
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The  reaotion  has  non  been  oarried  out  in  diethyl  ether  solution  under  whioh 
conditions  the  initial  produot  seems  to  be  a ltl  adduot  of  B.C1.  and  BgH., 
i.e.,  possibly  B.C1.H.,  Thus,  an  ether  solution  containing  1.64  mmolesnr 
tetraohlorodiborlne  was  allowed  to  stand  in  oontaot  with  2.91  nmoles  of 
diborane  for  S hours  at  room  temperature.  During  this  time  the  mixture 
turned  yellow.  (It  has  sinoe  been  discovered  that  the  disooloration  can  be 
avoided  if  the  reaotion  is  oarried  out  at  -23°  C.)  From  the  solution,  the 
exoess  of  ether  and  of  diborane  was  removed  at  >80°  C.  Sinoe  the  amount 
of  unohanged  diborane  reoovered  was  1.31  mmoles,  1.68  mmoles  had  evidently 
been  retained  by  the  1*64  mmoles  of  tetraohlorodiborlne  originally  used. 

The  residue  having  this  one  to  one  ratio  is  a slightly  volatile,  visnoue 
liquid  whioh  undergoes  slow  decomposition  at  room  temperature.  Attempts 
to  purify  it  by  fractionation  from  room  temperature  ultimately  led  to  the 
formation  of  a white,  non-volatile  solid  and  of  volatile  material  consisting 
ohiefly  of  ethyl  chloride  with  smaller  amounts  of  diborane  and  of  ethane. 

The  present  study  indicates  the  formation  of  a ltl  adduot  of  diborane 
and  tetraohlorodiborlne  whioh  is  probably  associated  with  ether 
in  the  solution  in  whioh  it  is  formed.  The  observation  that  the  formation 
of  yellow  by-products  may  be  avoided  by  oarrying  out  the  initial  reaotion 
at  -230  C.  may  aid  in  the  identification  of  the  Unstable  liquid  obtained 
when  the  ether  is  removed.  Of  particular  interest,  however,  will  be 
attempts  to  hydrogenate  the  adduot  to  ascertain  whether  dihydrotetraborane 
can  be  thus  obtained. 


4.)  The  Reaotion  of  Tetraohlorodiborlne  with  Ethylene. 

A preliminary  study  of  this  reaotion  indicates  the  clean 
formation  of  a 111  adduot,  which  is  a slightly  volatile  liquid  having  a 
0°  vapor  tension  of  about  2 mm.,  and  whioh  appears  to  be  homogeneous.  The 
molecular  weight  of  this  material,  determined  by  vapor  density  measurement, 
is  also  in  agreement  with  a reaction  ratio  of  111.  (M.W.  found,  197;  cal- 

culated for  B„C1^-*C_H^,  192.)  Further  studies  are  planned  to  ascertain 
whether  the  formation  of  the  adduct  involves  a rupture  of  the  boron  to 
boron  bond  of  the  tetraohlorodiborlne,  followed  by  addition  of  BC1- 
fragments  to  the  double  bond  in  ethylene.  At  all  events  hydrogenation  of 
the  adduot  might  lead  to  interesting  new  types  of  boron-carbon  oompounds 
containing  active  hydrogen. 


B. 


Reactions  of  Tetraboron  ’tetrachloride, 


B.Cl 


1 • ) Reaotion  with  Dimethyl  Zino. 

The  investigation  of  the  behavior  of  tetraboron  tetraohloride 
toward  trimethyl  boron  and  toward  trimethyl  aluminum,  as  reported  in  F.R. 

'52,  p.  6,  led  to  no  olearout  results.  The  reaotion  with  dimethyl  sino, 
on  the  other  hand,  appears  to  result  in  the  formation  of  methyl  derivatives, 
a e is  illustrated  by  the  following  experiment. 

A mixture  of  0.0375  g.  (0.2027  mmole);  and  0.4054  mmole  of  dimethyl  sino 
was  allowed  to  stand  for  a half-hour  at  room  temperature.  A small  of  amount 
of  a red  preoipitate  had  formed,  but  most  of  the  material  ooneisted  of  a 
volatile  liquid  which  was  distilled  at  room  temperature  through  traps 
maintained  at  -80°,  -119°,  and  -I960  C.  The  last  trap  oontained  essentially 
pure  trimethyl  boron  (-80°  tension  32  mm).  The  fraotion  retained  at  -1190  C. 
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was  not  entirely  pure,  sinoe  its  vapor  tension,  whioh  originally  was  that  of 
pure  dimethyl  ri.no,  slowly  rose  when  the  material  was  exposed  to  room  tem- 
« perature  for  several  hours.  Redistillation  of  this  fraotion  through  a 

-119°  C.  trap  into  one  at  -196°  C.  indicated  that  the  rise  was  due  to 
formation  of  additional  trimethyl  boron.  This  phenomenon  was  also  observed 
with  the  produo*  obtained  by  treating  tetraboron  tetraohloride  with  trimethyl 
aluminum. 

The  orystalline  fraotion  retained  at  -80°  C.  had  the  appearanoe  of 
unchanged  tetraboron  tetraohloride,  but  exhibited  different  vapor  tensions 
as  shown  in  Table  XI. 


Table  XI 

Vapor  Tensions  of  B^Cl^  and  of  its  Methylated  Product 


t°  c. 

• 

46.10 

50.10 

65.40 

*mm* 

CHg  deriv. 

5.10 

8.05 

12.10 

*mm* 

B4C14 

7.00 

11.25 

15.38 

The  values  in  the  second  row  may  be  satisfactorily  reproduced  by  the  equation 

log  p - + 11.066 

6 rmm  m 


Those  in  the  third  row  were  calculated  by  the  equation 

log  p - liZH  + 9.464 
mm  T 

(P.R.  ’62,  p.  4). 

That  the  product  is  probably  a mono-methyl  derivative  of  B.C1  is 
indicated  by  itavapor  density  and  chlorine  oontent.  A sample  Weighing 
0.0351  g.  exerted  a pressure  of  17.45  mm.  at  63.1°  C.  in  a volume  of 
262  o.o.)  these  data  correspond  to  a moleoulat  weight  of  162  as  oompared 
with  the  -value  165  calculated  for  B Cl  (CH_).  The  chlorine  content  of 
the  sample  was  62#  as  compared  with”* the  theoretical  64.6#.  Use  of  a 
larger  exoess  of  dimethyl  zino  in  the  preparative  reaotion  did  not  appear 
to  lead  to  further  methylation.  (it  is,  however,  possible  that  the 
unstable  paterial  found  associated  with  the  exoess  dimethyl  zinc  in  the 
-119°  C.  trap  may  have  contained  more  highly  methylated  products  whioh 
underwent  spontaneous  disproportionation.)  Sinoe  these  experiments  were 
all  oarried  out  with  very  small  amounts  of  starting  material,  they  will 
be  oonfirmed  as  soon  as  more  of  the  tetraboron  tetraohloride  is  available. 

2.)  Reaotion  of  Tetraboron  Tetraohloride  with  Methanol  or  Water. 

The  behavior  of  tetraboron  tetraohloride  toward  water  is 
similar  to  its  reaotion  with  mtthanol.  In  both  reactions  6 g.  equivalents 
of  hydfcogen  are  initially  generated  per  mole  of  the  tetraohloride,  and  2 
additional  equivalents  are  liberated  when  a base  is  added.  Hydrogen  chloride 
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is  forasd  by  the  hydrolysis,  whereas  methyl  ohloride  is  obtained  by 
methanolyai s • The  similarity  of  the  two  reactions  is  brought  out  in  Table 
XII,  in  which  the  symbol  R represents  either  H or  CH^. 


Table  XII 

Molar  Quantities  of  Reaotants  and  Products  por  Mole  of  B^Cl^ 


Molar  Quantities 

ROH  required 

Initial  Hg 

Hg  a Ileal.  Hydrol. 

RC1 

Methanolysia 

5.99 

3.06 

0.982 

3.96 

Hydrolysis 

6.75 

2.98 

1.01 

3.92 

Preliminary  data  for  an  unfinished  experiment  were  reported  in  F.R.  '62, 
p.  6.  The  experiment  has  now  been  completed  as  follows! 

A 0*0450  g.  (0.243  nmole)  sample  of  tetraboron  tetraohloride  was  treated 
with  32.60  (gaseous)  o.o.  or  1*455  mmoles  of  methanol  for  12  hours  at  room 
temperature.  At  the  end  of  this  period  16.7  o.o.  (0.74  mmole)  of  hydrogen 
had  }geen  generated.  There  was  also  obtained  21.6  gaseous  o.o.  (0.964  mmole) 
of  a material  shown  to  be  methyl  ohloride  by  its  melting  point  of  -97.5? 

(pure  CH_C1  has  a reoorded  melting  point  of  -97. 7o  C.)  The  white,  non- 
volatile solid  remaining  in  the  reaction  vessel  generated  an  additional 
5.25  o.c.,  or  0.234  mmole  of  hydrogen  when  treated  with  aqueous  potassium 
hydroxide . 

The  use  of  a larger  exoess  of  methanol  did  not  alter  the  amount  of 
hydrogen  obtained  per  mole  of  tetraboron  tetraohloride.  It  did,  however, 
complicate  fractionation  of  the  mixture.  It  was,  nevertheless,  possible 
to  demonstrate  qualitatively  that  methyl  borate  (in  the  form  of  its 
methanol  azeotrope)  is  formed  in  addition  to  methyl  ohloride  and  hydrogen. 

In  the  water  reaotion,  0.0233  g.  (0.126  mmole)  of  tetraboron  tetraohloride 
was  treated  with  16.25  o.o.  (0.725  mmole)  of  water  vapor.  Aft Or  12 
hours  at  room  temperature,  6.42  o.o.  (0.375  mmole)  of  hydrogen  had  been 
generated.  The  only  other  volatile  produot  was  11.05  o.o.  (0.494  mmole) 
of  hydrogen  ohloride,  identified  by  its  vapor  tension  of  125  mm.  at  -112°  C. 
The  non-volatile  solid  generated  2.84  o.o.  (0.127  mmole)  of  hydrogen  when 
aqueous  potassium  hydroxide  was  added.  All  of  these  data  have  been  summarized 
in  the  form  of  ratios  in  Table  XII. 


3 • ) 3truoture  of  Tetraboron  Tetraohloride. 

It  was  immediately  reoognieed  that  the  requirement  of  6 moles 
of  methanol  or  of  water  per  mole  of  tetraboron  tetraohloride  and  the  aooom- 
penying  generation  of  6 g.  equivalents  of  hydrogen  oould  be  best  explained 
by  a struoture  for  B.C1.  involving  6 equivalent  boron  to  boron  bonds.  Suoh 
a struoture  would  be  represented  by  a’  regular  (or  slightly  deformed)  tetra- 
hddron  having  at  its  oorners  boron  atoms  eaoh  of  whioh  is  bound  to  a chlorine 
aton.  This  type  of  struoture,  whioh  was  also  arrived  at  by  W.R.  Lippsoomb 
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is  formed  by  the  hydrolysis,  whereas  methyl  ohloride  is  obtained  by 
methanolysis.  The  similarity  of  the  two  reaetions  is  brought  out  in  Table 
XII,  in  whioh  the  symbol  R represents  either  H or  CH_. 


Table  XII 

Molar  Quantities  of  Reantants  and  Produots  per  Mole  of  B^Cl^ 


Molar  Quantities 

ROH  required 

Initial  Hg 

Hg  alkal.  Hydrol. 

RC1 

Methanolysis 

5.99 

3.06 

0.982 

3.96 

Hydrolysis 

8.76 

2.98 

1.01 

3.92 
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Preliminary  data  for  an  unfinished  experiment  were  reported  in  F.R.  ’52, 
p.  6*  The  experiment  has  now  been  completed  as  follows! 

A 0*0450  g.  (0.243  nmole)  sample  of  tetraboron  tetrachloride  was  treated 
with  32.60  (gaseous)  o.c.  or  1.455  mmoles  of  methanol  for  12  hours  at  room 
temperature , At  the  end  of  this  period  16.7  o.o.  (0.74  mmole)  of  hydrogen 
had  feeen  generated.  There  was  also  obtained  21.6  gaseous  o.o.  (0.964  mmole) 
of  a material  shown  to  be  methyl  ohloride  by  its  melting  point  of  -97,5? 

(pure  CH_C1  has  a recorded  melting  point  of  -97 .7°  C.)  The  white,  non- 
volatile solid  remaining  in  the  reaction  vessel  generated  an  additional 
5.25  o.c.,  or  0.234  mmole  of  hydrogen  when  treated  with  aqueous  potassium 
hydroxide , 

The  use  of  a larger  excess  of  methanol  did  not  alter  the  amount  of 
hydrogen  obtained  per  mole  of  tetraboron  tetrachloride.  It  did,  however, 
oamplioate  fractionation  of  the  mixture.  It  was,  nevertheless,  possibles 
to  demonstrate  qualitatively  that  methyl  borate  (in  the  form  of  its 
methanol  azeotrope)  is  formed  in  addition  to  methyl  ohloride  and  hydrogen. 

In  the  water  reaotion,  0.0233  g.  (0.126  mmole)  of  tetraboron  tetrachloride 
was  treated  with  16.25  o.o.  (0.725  mmole)  of  water  vapor.  After  12 
hours  at  ream  temperature,  8.42  o.o.  (0.375  mmole)  of  hydrogen  had  been 
generated.  The  only  other  volatile  product  was  11.05  o.o.  (0.494  mmole) 
of  hydrogen  ohloride,  identified  by  its  vapor  tension  of  125  mm.  at  -112°  C. 
The  non-volatile  solid  generated  2.84  o.c.  (0.127  mmole)  of  hydrogen  when 
aqueous  potassium  hydroxide  was  added.  All  of  these  data  have  been  summarised 
in  the  form  of  ratios  in  Table  XII. 


3 . ) 8truoture  of  Tetraboron  Tetrachloride. 

It  was  immediately  recognised  that  the  requirement  of  6 moles 
of  methanol  or  of  water  per  mole  of  tetraboron  tetrachloride  and  the  aoocm- 
panying  generation  of  6 g.  equivalents  of  hydrogen  could  be  best  explained 
by  a structure  for  B .Cl . involving  6 equivalent  boron  to  boron  bonds.  8uoh 
a structure  would  be*re pres anted  by  a- regular  (or  slightly  deformed)  tetra- 
hedron having  at  its  oorners  boron  atoms  eaoh  of  whioh  is  bound  to  a chlorine 
aton.  This  type  of  struoture,  whioh  was  also  arrived  at  by  W.N.  Lippsoomb 
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(J«  Chem.  Phys.,  . 21,  172  (1958)  from  x-ray  studies  of  the  crystals,  has 
now  reoeived  further  support  from  the  observation,  reported  in  the  previous 
seotion,  that  an  additional  2 equivalents  of  hydrogen  are  generated  then  a 
base  is  added  to  the  reaotion  mixture.  Based  on  these  observations  a reason- 
able interpretation  of  the  reaotions  involved  as  a first  step  the  breaking 
of  the  boron  to  boron  bonds  and  their  conversion  into  boron-oxygen  oovalent 
and  dative  bonds  as  represented  by  the  first  of  the  following  equations,  and 
the  suggested  Structure  I for  the  initial  product  (I), 

B4C14  + 6R0H  - 8Hg  ♦ B4C14(0R)6 

I 

B4C14(0R)6  - 4RC1  + B404(0R)2 

II 

B404(0R)2  + 4K0H  - H2  + 4KB Og  ♦ 2R0H 


re- 


structure I Structure  II 


In  these  structural  formulas,  arrows  indicate  dative  bonds.  The  second 
step  (represented  by  the  seoond  equation)  constitutes  the  loss  of  methyl 
ohloride , and i. is  analogous  to  the  loss  of  ethyl  chloride  observed  when  the 
monoetherate  of  tetrachlorodiborine  is  warmed  to  room  temperature.  The 
product  resulting  from  the  liberation  of  methyl  ohloride  is  represented  by 
Structure  II,  which  visualizes  a compound  in  which  two  boron  atoms  are  in 
the  state  of  complete  oxidation  and  the  remaining  two  atoms  are  in  a less 
highly  oxidized  state.  The  last  step  in  the  reaotion  would  then  be  repre- 
sented by  the  third  equation  in  which  the  conversion  of  the  two  boron  atoms 
from  the  lower  to  the  completely  oxidized  state  accounts  for  the  generation 
of  two  equivalents  of  hydrogen. 

As  soon  as  sufficient  of  the  tetraohloridd  beoomes  available,  the 
experiment  is  to  be  repeated  with  larger  quantities  of  reactants  in  an 
attempt  to  isolate  the  assumed  intermediate  of  Structure  II, 


4,)  The  Reaotion  of  Tetraboron  Tetrachloride  with  Diborane. 

A mixture  of  0.0371  g.  (0,200  mmole)  of  the  subohloride  and 
8.88  o.o.  of  gaseous  diborane  (0.397 )mmole)  was  heated  in  a sealdd  tube 
at  66©  C.  for  48  hours,  by  whioh  time  all  of  the  tetrachloride  had  disappeared 
and  the  tube  had  beoome  ooated  with  a yellow  solid.  Fractionation  of  the 
volatile  material  yielded  2.32  o.o.  (0.104  mmole)  of  boron  triohloride,  re- 
tained in  a -126°  C.  trap,  and  5.03  o.o.  (0.225  mmole)  of  diborane  oondensed 
at  -196°  C.  No  other  volatile  material  was  obtained.  Henoe  for  0.172  mmole 
of  diborane  ocnsumed,  0.104  mmole  of  boron  triohloride  was  produoed. 
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In  order  to  Interpret  theae  results,  it  may  be  tentatively  assumed 
that  the  only  produot,  other  than  boron  trichloride,  whioh  aooompanies 
the  formation  of  the  latter  is  a solid  of  the  composition  (BH)  , a composi- 
tion frequently  characteristic  of  solids  obtained  by  the  deoomfositicn  of 
boranes.  On  the  basis  of  this  assumption  it  is  possible  to  calculate  the 
composition  of  the  remaining  non-volatile  material  from  the  data  of  the 
preceding  paragraph,  as  illustrated  by  the  following  equations* 

0.078  B4C14  ♦ 0.062  B^Hg  - . (BH)^  + 0.104  BClj 

0.120  B4C14  ♦ 0.120  BgHg  - 0.120  BgCl^g 

0.198  B .Cl.  + 0.172  B H - 0.120  BeCl.He  ♦ (BH)  + 0.104  BC1_ 

44  26  6 4 6 x x 5 

It  will  be  seen  that  the  prefixes  of  several  individual  components  of  the 
system  have  been  so  ohosen  that  the  quantities  of  diborane  and  tetraboran 
tetraohloride,  as  well  as  that  of  the  boron  ohloride  obtained,  are  those 
experimentally  observed.  To  express  these  prefixes  in  whole  numbers,  the 
equations  may  be  rewritten  as  follows t 

SB4C14  * 2BgHg  - ^(BH)^  ♦ 4BC1 

W "ATVW 

Because  of  the  small  quantities  used  in  the  experiment,  and  because  of  the  im- 
proved assumption  that  there  are  only  two  solid  produots,  one  of  which  has 
the  composition  (BH)  , these  equations  merely  represent  working  hypotheses. 
They  do  suggest  that*a  chlorine  derivative  of  the  little-known  hexaborane 
(BgHj.0)  have  t>een  T°r,a0ti*  This  possibility  is  being  explored  further. 


6 . ) Preparation  of  Tetraboron  Tetraohloride. 


It  will  have  been  observed  that  all  of  the  preceding 
experiments  on  the  reactions  of  tetraboron  tetraohloride  were  carried  out 
with  extremely  small  quantities  of  starting  material.  During  the  course  of 
the  present  ocntraot  year,  a number  of  efforts  have  been  made  to  find  prep- 
arative methods  whioh  might  give  better  yields  of  the  tetraohloride  than  does 
the  passage  of  boron  ohloride  through  a discharge  between  mercury  eleotrodes. 
These  efforts  ha/e  involved  a searoh  for  .'educing  agents,  among  whioh  have 
been  metal  borides  (prepared  by  the  aotion  of  borohydrides  on  metal  halides 
in  aqueous  and  ethereal  solutions)  Since  these  experiments  have  not  yet 
led  to  any  improvement,  they  will  not  be  reported  further. 

Apparatus  in  whioh  boron  triohloride  may  be  automatically  passed  through 
8 meroury  aros  simultaneously  and  repeatedly  has  been  constructed,  and  is 
pioduoing  quantities  of  tetraohlorodibcrine  adequate  for  laboratory  studies, 
and  larger  amounts  of  totraboron  tetraohloride  than  hitherto  available. 
Further  work  on  these  compounds  should  therefore  be  somewhat  acoelerated. 
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III.  REACTIONS  OF  HYDRAZINES  WITH  DIBORANE  AMD  RELATED  COMPOUNDS. 

In  previous  reports  the  reactions  of  hydrazine  and  of  dimethyl 
hydra  sine  with  diborane  to  form  the  adduots  H.H.  ‘B-Hg  and  RgHgfCH,  )2*BgHg 
and  some  of  the  properties  of  these  ocmpounds^have^been  described0 
(P.R.  '61,  pp.  5-7|  F.R,  '62,  pp.  7-13 )•  Similar  adduots  of  hydrasine  with 
trimethyl  boron,  and  with  tetramethyl  diborane,  i.e»,  N.H  a2B(CH_)  and 
R„H. *B2HicH_)A,  have  now  been  prepared  and  investigated^  as  desorioed  in  the 
following  se onions  of  this  report. 

A.  Preparation  of  the  Adduots . 

1. )  General  considerations. 

The  same  procedure s and  precautions  found  necessary  to  obtain 
satisfactory  results  in  the  preparation  of  the  adduots  previously  desoribed 
(P.R*  *51,  p.  6)  are  neoesaary  for  the  euooessful  preparation  of  the  adduots 
of  hydrazine  with  trimethyl  boron  and  with  tetramethyl  diborane,  i.e.,  the 
hydrazine  naed  must  be  of  high  purity,  striotly  air  and  moisture  free  condi- 
tions must  be  maintained,  the  reaction  should  be  oarried  out  at  about  -80°  C., 
a solvent  must  be  used,  and  the  reaotion  mixture  must  be  vigorously  stirred 
for  a long  time.  As  in  the  previous  experiments,  diethyl  ether  proved  a 
satisfactory  solvent,  but  only  if  it  is  present  in  considerable  exoese  are 
the  best  results  obtained.  The  best  procedure  is  to  oondense  the  trimethyl 
boron  or  the  tetramethyl  diborane  into  an  ethereal  solution  of  the  hydrazine* 
Special  details  for  each  of  the  compounds  under  consideration  are  desoribed 
in  paragraphs  (2)  and  (3). 

2 .  ) Preparation  of  the  Compound  K„H^»2B(CH^)^ • 

Details  of  three  preparative  experiments  are  recorded  in 

Table  XIII. 


Table  XIII 

Reaotion  of  NgH^  with  B(CH3)3 


Solvent 

t°C. 

Time 

Hours 

Initial 

N2H4 

(nmoles) 

B«V« 

Recovered  (mmoles) 

B<°Vs 

Ratio 

b(ch3)3A2h4 

Ether 

0 

30 

5.93 

18.9.' 

8.5 

1.75 

Ether 

-80 

24 

3.39 

9.79 

2.97 

1.998 

None 

-80 

96 

2.37 

10.00 

4.5 

1.75 

Only  in  the  experiment  in  whioh  the  reaotion  mixture  was  maintained  at 
-80°  C.  and  in  whioh  the  ether,  used  as  solvent,  was  removed  by  evaouation 
at  this  temperature,  was  the  expected  ratios  of  trimethylboron  to  hydrazine 
obtained.  The  produot  was  a solid  whioh  exerted  a considerable  vapor 
pressure  at  0°  C.  Examination  of  the  vapor  disolosed  that  it  contained  both 
ether  and  trimethylboron.  It,  therefore,  seemed  that  the  ocmpound  ILH.* 
2B(CH_)_  dissociates  at  this  temperature.  It  is  obvious  that,  to  measure 
the  dissociation  pressure  of  the  oompovmd,  oooluded  ether  has  to  be  removed 
or  avoided.  No  temperature  was  found  at  whioh  all  ether  oould  be  removed 
w 


28 


'r 


* 


) 


s> 


4 


# 


without  loss  of  trimathylbor on  and  formation  of  some  liquid  hydrazine*  On 
the  other  hand,  preparation  of  the  adduct  in  the  absence  of  ether,  at  tempera- 
tures at  whioh  the  adduct  is  oompletely  stable, proved  unsuccessful  as  sheen 
in  the  third  experiment  of  Table  XIII.  As  a result  no  reliable  value  of  the 
dissociation  pressures  ha sc  been  obtained. 

3.)  Preparation  of  the  Compound  K,,H^»B,,H„(CHj)^. 

The  procedure  for  the  preparation  of  the  tetramethyldiborane- 
hydrazine  adduot  was  like  that  for  the  trimethyl  boron  adduct,  exoept  that 
speoial  precautions  had  to  be  taken  to  assure  purity  of  the  tetramethyldiborane, 
which  disproportionate s partially  even  at  relatively  low  temperatures*  The 
tetramethyldiborane  was  prepared  hy  roiariwg  diborane  at  room  temperature  with  a 
large  excess  of  trimethyl  boron  (6  - 10  moles  per  mole  gf  B,,Hg).  T^e  m*:icbur6 
was  then  passed  through  a -80°  0.  trap  into  one  at  -196°  C.  The  oontents  of 
the  former  were  then  warmed  somewhat  and  again  passed  through  the  same  train 
of  grape;  the  procedure  was  repeated' until  the  c unbent a of  tie  -80°C*  trap  had 
aQ0  tension  of  49  mm.  A portion  of  the  purified  liquid  was  maintained  at 
0 in  a vessel  connected  to  a bulb  of  known  volume*  As  soon  as  the  pressure 
reaohed  48  mm.,  the  bulb  was  disconnected  from  uhe  vessel  containing  the 
liquid.  The  vapor,  whose  volume,  temperature  and  pressure  were  thus  known, 
was  inn®  diately  gondensed  at  -196°,  and  then  passed  through  a -80°  trap 
into  one  at  -196°.  The  -80°  condensate  was  then  rapidly  oondensed  into  tjje 
reaction  vessil,  whioh  contained  a solution  of  hydrazine  in  ethgr  at  -196°. 

The  portion  of  tetramethyldiborane  whioh  passed  through  the  -80°  C.  trap  was 
hydrolyzed  to  detemine  the  amount  of  the  compound  lost  during  the  process 
of  its  volume  determination* 

Experimental  details  are  as  follows.  To  a solution  of  2.41  mmoles  of 
hydrazine  in  about  16-20  ml.  of  diethyl  ether,  there  were  added  4.91  mmoles 
of  tetramethyldiborane  (0°  tension,  48.6  mm.),  measuredoout  as  described  in 
the  preceding  paragraph.  The  mixture  was  wqraed  to  -80  C.,  and  stirred  for 

26  hours.  The  ether  and  excess  of  tetramethyl  diborane  were  then  removed 
at  -80°  C.  The  quantity  of  the  latter  was  determined  (by  hydrolysis  and 
measurement  of  the  hydrogen  evolved)  to  be  2.50  mmoles.  Hence,  4i91  - 2.50 
■ 2.41  mmoles  of  tetramethyldiborane  reaoted  with  2.41  mmoles  of  hydrazine. 

The  l/l  adduot  is  a white  solid  whioh  melts  at  about  10°  C.,  and  seems 
not  to  dissociate  at  that  temperature  into  the  components  from  whioh  it  was 
formed.  It  is,  hewever,  difficult  to  ascertain  whether  dissociation  ocours, 
beoause  at  room  temperature  decomposition  aooompanied  by  loss  of  hydrogen 
is  observed,  as  is  disoribed  in  III,B,  2 of  this  report. 

4 • ) Rea ot ion  of  Hydrazine  with  Boron  Trichloride . 

In  viewodf  our  previous  experience,  which  showed  that  the 
reactions  of  hydrazine  with  several  different  boron  compounds  are  difficult, 
if  not  impossible  to  carry  to  completion  in  the  bbsenoe  of  solvents,  the 
attempt  to  prepare  a boron  triohloride-hydrazine  adduct  was  first  made  with 
ether  as  the  solvent.  Even  at  room  temperature  no,  or  only  very  slight 
interaction  appeared  to  ooour.  It  may,  therefore,  be  oonoluded  that  the  boron 
triohloride  ethyl  etherate  is  more  stable  toward  dissociation  into  its  com- 
ponents than  is  the  (hypothetical)  boron  ohloride-hydrazlne  adduot.  In  the 
absenoe  of  any  liquid  medium  other  than  the  two  reactants,  a strongly  exother- 
mio  reaotion  results  in  the  formation  of  a non-homogene ous  solid  whioh  holds 
oooluded  hydras  ins  firmly.  Farther  atteng>ts  to  form  the  adduot  in  an  inert 
solvent  are  oontsmplated* 
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B*  Pyrolysis  of  the  Compounds  M„H^«2B(CH^)^  and  *2^1  ***£^2  ^**3^1* 

1 • ) Pyrolyaia  of  Mixture  a of  Hydra  tine  and  Trimethyl  Boron* 

The  objective  of  the  atudy  of  hydrazine  adduota  with  boron 
oompounds  ia  to  aaoertain  whether  by  pyrolyaia  of  auoh  adduota  polymerio 
aubatanoea  of  intereat  might  be  obtained,  aa  is  the  oaae  of  boron  adduota 
with  ammonia  and  idth  amine  a.  In  view  of  the  eaae  with  which  the  oompound 
■„H. »2B(CH_)_  undergoes  dissociation,  the  only  possible  approaoh  to  finding 
wnat  products  might  be  obtained  by  pyrolysis  of  the  adduot,  is  to  heat 
mixtures  of  hydrazine  with  large  exoeaaee  of  trimethyl  boron,  a reaction 
whloh  was  expeoted  to  result  in  the  formation  of  methane  aa  one  of  the 
reaotion  products*  Since  hydrazine  is  itself  a metastable  substanoe, 
several  experiments  were  oarried  out  to  determine  the  lowest  temperature  at 
whloh  methane  is  formed  from  the  mixtures  in  question* 

The  mixtures  used  contained  trimethyl  boron  and  hydrazine  in  molar 
ration  of  from  3/l  to  4/l*  ’.Then  they  were  heated  to  temperatures  below 
200°  C.  for  as  muoh  as  4 hours,  and  were  then  cooled  to  room  temperature, 
crystalline  solids  similar  in  appearanoe  to  the  original  N.H  »2B(CIL) 
adduot  were  deposited,  indicating  that  very  little  change  Had  ooourrea* 

At  temperatures  above  200°  C*  or  when  heating  at  this  temperature  was  con- 
tinued tfver  longer  periods,  condensation  of  the  products  at  room  temperature 
led  to  material  differing  markedly  in  appearanoe  from  that  of  the  initial 
adduot,  i.S.,  the  material  was  a mixture  of  a liquid  and  a slightly 
volatile,  amorphous  solid*  VThen  the  reaotion  vessel  was  opened^  it  was 
found  to  oonsist  of  material  not  completely  condensable  at  -196  C in  addition 
to  several  ocndensable  produota. 

The  latter  were  fractionated  through  trgps  at  -80°,  -112°  and  -196  C, 

The  most  volatile  portion,  condensed  at  -lg6  C.,  was  almost  pure  trimethyl 
boronj^the  least  volatile,  retained  at  -80  C.,  was  a liquid  from  whioh  a 
slightly  volatile  solid  slowly  deposited.  The  major  fraotion,  retained  in 
the  -112  C.  trap^  was  a liquid  whioh  gradually  went  over  to  a cellophane- 
like  solid  at  -80  C.  At  room  temperatureQit  evaporated  slowly  in  vaouo,  but 
oould  be  reoongensed  from  the  vapor  at  -80  C.  The  density  of  the  vapor, 
measured  at  23°  C.  was  found  to  correspond  to  a moleoular  weight  of  66.4 
All  of  these  properties  are  in  oomplete  agreement  with  the  properties  of 
B-dimethylaminoborine, . mol.  wt*  66.8,  as  described  by  Sohlesinger,  Rorvitz 
and  Burg*  (J.  Am.  Cham.  Soc.,  58,  409  (1936).) 

■ ■ For  an  understanding  of  tHe  reaotion  it  is  necessary  also  to  know  the 
components  of  the  non- condensable  material,  whioh  oould  have  contained 
hydrogen,  methane  and  nitrogen*  For  analysis  the  non-oondensable  produots 
were  repeatedly  circulated  over  ouprio  oxide  wire  maintained  at  276-300°  C., 
at  whioh  temperature  hydrogen  but  not  methane  is  oxidized.  The  contraction 
in  volume  which  occurred  on  removal  of  the  water  formed  was  taken  as  a 
measure  of  the  free  hydrogen  present  in  the  initial  gaseous  reaotion  product. 
The  remaining  gas  was  reoiroulated  over  ouprio  oxide  wire  St  from  800-900°  C. 
to  oxidize  the  methane.  The  carbon  diaxide  formed  was  oondensed  at  -196°  C., 
and  then  measured  after  revolatilizationj  the  residual  gas  was  considered 
to  be  nitrogen. 

A conceivable  interpretation  of  the  observations  is  that  the  reaotion 
ooours  in  stepst  (l)  the  formation  of  ammonia  by  theraal  decomposition  of 
hydrazine,  and  (2)  the  interaction  of  ammonia  with  trimethylboron  to 
produoe  B-dimethylaminoborine  and  methane*  There  is,  however,  a serious 
difficulty  in  aooepting  this  interpretation,  sinoe  pyrolysis  of  hydragine 
usually  ooours  aooording  to  the  equations! 
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3N2H4  - 4NHg  ♦ N2 
2N2H4  2NH3  + N2  + *2 

Although  the  relative  extent  to  whioh  eaoh  of  these  reactions  ooours  depends 
on  the  nature  of  the  walla  of  the  reaotion  vessel  and  on  the  presence  of 
other  oatalytio  material,  it  is  unlikely  that  reaction  should  ooour  exclusive- 
ly according  to  the  first  equation#  Yet  in  the  pyrolysis  of  hydrasine- 
trimethylboron  mixtures  no  hydrogen  was  obtained#  Whether  this  result  is  to 
be  interpreted  as  meaning  that  removal  of  ammonia  by  trimethyl  boron  favors 
the  first  reaotion  to  suoh  an  extent  that  it  is  praotioally  the  exclusive 
one,  or  whether  the  reaotion  is  a direot  one  between  hydrasine  and  trimethyl- 
boron  cannot  be  deoided  until  a complete  material  balanoe  for  the  reaction 
has  been  obtained#  Our  present  data  are  inadequate  for  this  purpose  and 
need  amplification# 


2#)  Pyrolysis  of  the  Compound  NgH^B^HgCCHg)^# 


The  pyrolysis  of  mixtures  of  hydrasine  with  trimethylboron  was 
undertaken  in  the  expectation  that  the  intermediate  N2H4»2B(CHg),  would  lose 
methane  to  form  the  product,  NgEL^B^H-Jg#  As  pointed  out  in  the  preceding 
section,  this  reaction  does  not  ooour#  Tne  desired  end  result,  namely  the 
oompound  H2Hg*2B(CH3)2,  should,  however,  be  obtained  by  loss  of  hydrogen  from 
the  adduot  HsV 

As  already  pointed  out  in  seotion  III,  A,  3,  of  this  report,  the  adduot 
in  question  aetually  begins  to  lose  hydrogen  at  room  tenperature#  Under 
oontinued  pumping,  the  sample  of  the  adduot  obtained  from  2#41  mmoles  of 
hydrasine  and  2 #41  mmoles  of  tetramethyldiborane,  lost  4#6  mmoles  of  hydrogen, 
i#e#,  very  nearly  the  4#82  mmoles  expeoted  aooording  to  the  equation 

WWCV«-*A,,B(0V*  * 2V 

In  view  of  the  small  quantities  involved,  the  agreement  between  the  experiment 
and  the  equation  is  as  good  as  oould  be  expeoted# 

The  produot  resulting  from  the  loss  of  hydrogen  is  a liquid,  whioh  was 
purified  by  fractionation  in  a train  consisting  of  -80°  and  -196°  C#  traps. 

The  material  passing  through  the  -80°  trap  proved  to  be  ether  whioh  seems 
to  be  tenaoiously  held  by  the  original  adduot,  as  well  as  by  its  decomposition 
produote#  The  -80°  trap  retained  the  liquid  whioh  is  sufficiently  volatile 
to  permit  the  determination  of  its  vapor  density  at  27#8°  C#  The  value 
found  corresponded  to  a molecular  weight  of  106 #6,  in  oontrast  to  the 
moleoular  weight  of  111#8  oaloulated  for  the  oompound  NgHgi  2B(CH-)„#  The 
disorepanoy  between  the  two  values  is  ascribed  to  the  presenoe  of  ether  in 
the  produot  used  for  the  moleoular  weight  determination,  but  the  experimen- 
tally obtained  value  is  strong  support  for  the  formula,  as  is  the  amount  of 
hydrogen  lost  by  the  adduot# 

The  liquid  decomposition  produot  gradually  deposits  solid  material 
whioh  is  presumably  a polymer#  It  is  soluble  in  benzene  from  whioh  it  can 
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C * Comparison  of  the  Several  Hydra  sine  Adduots  and  their  Pyrolysis  Produots » 

Although  knowledge  of  the  properties  of  the  four  hydrazine  adduots  thus 
far  prepared  Is  still  rather  fragmentary.  It  is  of  interest  to  compare  them 
and  their  pyrolysis  produots  briefly.  All  of  the  addugts  are  prepared  by 
interaction  of  the  components  in  ether  solution  at  -80°  C,  All  are  crystal- 
line solids  of  very  low  or  no  volatility.  The  adduots,  and 

N-H-tCBL) do  not  melt  at  temperatures  below  whioh  loss  of  Hydrogen 
sets  in,  ^The  Compound  N.H  •2B(CH_),  heated  under  trimethyl  boron  pressure 
to  prevent  dissooiation,  stems  to3  me  It  at  about  50°  C.,  although  the  formation 
of  liquid  at  this  temperature  may  be  due  to  partial  dissociation;  the  adduot 
N_H^«B2H_(CH_)  melts  at  about  10°  C,  The  only  one  of  the  adduots  whioh 
has  Deen  whown4to  dissociate  into  its  components  at  temperatures  below  whioh 
more  extensive  decomposition  ooours,  is  the  trimethyl  boron  adduot. 

It  is  assumed  that  these  adduots  are  all  borine  derivatives,  as  are 
the  adduots  of  ammonia  with  oomparable  boron  compounds.  In  other  words,  it 

H H 

is  assumed  that  they  have  the  formula;  R_B*N-H;BR_  in  which  R is 

3 H H 3 

either  a hydrogen  atom  or  a methyl  group,  (in  the  oase  of  the  diborane-dimethyl 

H H 

hydrazine  adduot,  the  formula  is  H_B;N— N;  BH_»)  When  they  are  heated 

CH3  CH3 

they  lose  hydrogen,  or,  in  the  oase  of  the  trimethyl  boron-hydrogen  adduot ,methar 
Exoept  for  the  trimethyl  boron  adduot,  this  decomposition  ocours  without 
breaking  of  the  nitrogen  to  nitrogen  band  and  presumably  leads  to  the  forma- 

H H 

tion  of  compounds  of  the  type  R^B^r  H — N r^BRg,  whioh  are  analogous  to 

aminoborines,  e,g,,  RgB^KH,,  loss  of  hydrogen  by  the  adduot  H2H.»B_H. 
ooours  at  100°  but  does  not  Beoome  rapid  till  the  temperature  is  raised0 
to  about  125-130°  C,j  in  the  oase  of  the  adduot  K-H_(CH  ) tB-H-  hydrogen 
loss  begins  at  70°  C,  and  beocoes  rapid  above  76°^C, , wnile  for  the  adduot 
N„H  *B2*L(CH_)4  loss  of  hydrogen  ooours  at  room  temperature.  In  the  oase 
or  the  oompound,  NgH,32B(CH_)3  this  type  of  hydrogen  loss,  i,e,,  a loss 
involving  hydrogen  atoms  from  both  nitrogen  and  boron,  oannot  ooour. 

The  corresponding  loss  of  methane  requires  a muoh  higher  temperature  than  the 
loss  of  hydrogen  from  hydrazine  adduots,  and  is  aoootnpanied  by  breaking  of 
the  nitrogen  to  nitrogen  bonds  The  decomposition  produot,  ELBCNHj.BHg,  is 
a solid  whioh  loses  hydrogen  very  slowly  at  the  temperature  at  which  it  is 
formed  from  ILB(NH_)2BBL,  It  is  non-volatile  and  has  not  yet  been  purified 
sinoe  no  solvent  fcr^lvhas  been  found,  (it  is  insoluble  in  benzene  or 
carbon  tetraohloride,  and  only  very  slightly  soluble  In  ether,)  Both  the 
decomposition  produots  H_B(N-C^)_BH_  and  R,B (NH)„BR2  are  moderately  volatile 
liquids  having  vapor  densities  Corresponding  to  tne  formulae  mentioned. 

Both,  however,  seem  to  polymerise  slowly  to  give  solid  substances  thioh  have 
not  yet  been  studied  further,  as  is  true  also  of  their  further  decomposition 
at  higher  temperatures. 


17.  PYROLYSIS  OP  MIXTURES  OP  DIBQRAHE  AND  TRIMETHYL  BORON 
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C • Comparison  of  the  Several  Hydra  sine  Adduots  and  their  Pyrolysis  Produota . 


Although  knowledge  of  the  properties  of  the  four  hydras ine  adduots  thus 
fhr  prepared  is  still  rather  fragmentary , it  is  of  interest  to  compare  them 
and  their  pyrolysis  produota  briefly*  All  of  the  adduots  are  prepared  by 
interaction  of  the  components  in  ether  solution  at  -80°  C*  All  are  crystal- 
line solids  of  very  low  or  no  volatility*  The  adduots,  N2H.»B_Hg  and 
N2H2(CH_).*B_Hg  do  not  melt  at  temperatures  below  whioh  loaf  or  Hydrogen 
sets  in.  ^The  compound  N,H  »2B(CH  )_  heated  under  trimethyl  boron  pressure 
to  prevent  dissociation,  stems  to  milt  at  about  60°  C.,  although  the  formation 
of  liquid  at  this  temperature  may  be  due  to  partial  dissooiationj  the  adduot 
N.H^BgHgCCH  ) melts  at  about  10°  C*  The  only  one  of  the  adduots  whioh 
has  Desn^whoro^to  dissociate  into  its  components  at  temperatures  below  whioh 
more  extensive  decomposition  occurs,  is  the  trimethyl  boron  adduot* 

It  is  assumed  that  these  adduots  are  all  borine  derivatives,  as  are 
the  adduots  of  ammonia  with  oomparable  boron  compounds*  In  other  words,  it 

H B 

is  assumed  that  they  have  the  formula  t R_BiN-HiBR_  in  whioh  R is 

3 H H 3 

either  a hydrogen  atom  or  a methyl  group,  (ha  the  ease  of  the  diborane-dimethyl 

H H 

hydrasine  adduot,  the  formula  is  H_B»N— N t BH_.)  When  they  are  heated 

CH3  CH3 

they  lose  hydrogen,  or,  in  the  oase  of  the  trimethyl  boron-hydrogen  adduot ,methar 
Except  for  the  trimethyl  boron  adduot,  this  decomposition  ocours  without 
breaking  of  the  nitrogen  to  nitrogen  bond  and  presumably  leads  to  the  forma- 


H H 

tion  of  oompounds  of  the  type  RgBfr  N — N BRg,  whioh  are  analogous  to 

aminoborines,  e*g»,  R.B<pNH„.  Loss  of  hydrogen  by  the  adduot  NgH^BgH. 
oocurs  at  100°  but  does  not  oeoome  rapid  till  the  temperature  is  raised0 
to  about  125-130  oC*j  in  the  case  of  the  adduot  NgHgCCH  ) *B„H  hydrogen 
loss  begins  at  70°  C*  and  beoames  rapid  above  76°  u*,  wnile  for  the  adduct 
N„H.  •B2Hg(CEL).  loss  of  hydrogen  ooours  at  room  temperature.  In  the  oase 
or  the  oompouna,  NgH.32B(CH_)„  this  type  of  hydrogen  loss,  i*e*,  a loss 
involving  hydrogen  atoms  fromrboth  nitrogen  and  boron,  oannot  ooour * 

The  corresponding  loss  of  methane  requires  a much  higher  temperature  than  the 
loss  of  hydrogen  ft* cm  hydrazine  adduots,  and  is  aoocmpanied  by  breaking  of 
the  nitrogen  to  nitrogen  bond*  The  decomposition  produot,  H_B(MH)_BH2,  is 
a solid  whioh  loses  hydrogen  very  slowly  at  the  temperature  St  whioh  It  is 
formed  from  H_B(NHg)2BH_*  It  is  non-volatile  and  has  not  yet  been  purified 
since  no  solvent  fcr^it^has  been  found*  (it  is  insoluble  in  benzene  or 
carbon  tetraohloride,  and  only  very  slightly  soluble  in  ether*)  Both  the 
decomposition  produota  HgBtN-CH-LBH.  and  R.B(NH)2BR.  are  moderately  volatile 
liquids  having  vapor  densities  corresponding  to  tne  formulae  mentioned* 

Both,  however,  seem  to  polymerize  slowly  to  give  solid  substances  thioh  have 
not  yet  been  studied  further,  as  is  true  also  of  their  further  decomposition 
at  higher  temperatures* 


IV.  PYROLYSIS  OP  MIXTURES  OF  DIBORAHE  AMD  TRIMETHYL  BORON. 

It  was  thought  for  several  reasons  the  pyrolysis  of  methyldiboranes 
might  lead  to  results  worthy  of  study*  The  difficulty  of  preparing  these 
oompounds  and  their  marked  tendency  to  disproportionate  into  eaoh  other,  as 
well  as  into  trimethylboron  and  diborane,  made  it  advisable  to  carry  out  the 
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investigation  by  pyrolyzing  mixtures  of  diborane  and  trimethylboron,  sinoe 
euoh  mixtures  oontain  the  methyldiboranes • 

As  mentioned  in  the  introductory  section  of  this  report,  the  results 
of  suoh  pyrolyses  are  bound  to  be  oomplex,  and  thus  far  only  exploratory 
experiments)  (have  been  oarried  out  to  asoertain  whether  the  results  of  more 
detailed  study  will  warrant  the  effort  they  will  require.  Thus  far  no 
experiments  involving  oiroulatory  systems  have  been  oarried  out  — the  four 
that  haveQbeen  made  consisted  of  heating  the  samples  in  one-liter  bulbs  to 
qbout  150  . Some  of  the  observations  resulting  from  these  experiments  are 
reoorded  in  Table  XIV.  In  oolumn  7,  the  symbols  have  the  following  meaning* 
♦ ■ slight  amount,  ++  » moderate  amount,  +++  m relatively  large  amount,  w ■ 
white,  and  y * yellow. 


Table  XIV 


Effeots  of  Pyrolysis  of  B(CHj)j*B2H6  Mixtures 
at  150°  C.  in  One  Liter  Sealed  Bulbs 


1 

Expt. 

2 

B2H6 

(cc) 

dL 

Ve 

4 

Time 

hours 

5 

\ (oc) 
formed 

6 

BgH 

recovered 

7 

Solids 

VVe 

per  hr. 

1 

181.5 

0 

1.5 

195.3 

33.6 

/ +++ 
y. 

0.72 

2 

151.0* 

0.76 

1.73 

156.6 

0.0 

(«ty. 

0.78* 

3 

158.7 

1.95 

1.75 

50.2 

trace 

♦,w. 

0.18 

4 

37.4 

6.36 

12.0 

33.6 

0.0 

almost 

0 

0.07 

This  experiment  £s  not  entirely  eomparable  to  the  others  sinoe  the  tempera- 
ture rose  to  170°  C.  during  the  heating. 


Only  in  experiment  1 v?as  the  formation  of  any  deoaborane  observed. 

Two  points  brought  out  in  the  table  are  particularly  noteworthy*  (l) 
that,  although  the  heating  time  was  the  shortest,  the  amount  of  solid  farmed 
was  by  far  the  greatest  and  its  oharaoter  the  least  uniform  in  the  experiment 
in  whioh  diborane  was  heated  by  itself j and  (2)  that  in  this  experiment  over 
35$  of  the  total  hydrogen  present  in  the  original  diborane  was  generated  as 
free  hydrogen.  In  experiment  3 only  about  10$  of  the  hydrogen  was  so  genera- 
ted and  much  less  solid  was  formed.  The  amount  of  hydrogen  generated  in  1.5- 
1.73  hours  th  experiment  4,  in  whioh  the  relative  amount  of  trimethylboron 
was  the  largest,  was  extremely  small}  12  hours  instead  of  1.5  hours  were 
required  to  generate  30$  of  the  total  hydrogen,  and  there  was  only  a barely 
notioeable  amount  of  solid.  Experiment  2 is  not  included  in  this  discussion 
beoause  of  the  fact  that  the  temperature  rose  inadvertently  above  150°  C. 
during  the  heating  period.  (The  absenoe  of  diborane  in  the  produots,  exoept 
in  experiment  1,  is  probably  of  no  great  significance,  sinoe  it  may  all  have 
been  present  in  the  other  experiments  as  one  or  the  other  of  its  methyl 
derivatives.) 

It  is  as  yet  impossible  to  interpret  these  results  sinoe  it  must  first 
be  established  vtoether  the  effeot  of  trimethylboron  on  the  course  of 
pyrolysis  is  a specific  one,  or  whether  it  oould  be  reproduced  by  the  presenoe 
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of  an  inert  gas,  e.g.,  nitrogen.  In  the  seoond  place,  it  is  as  yet  impossible 
to  deoide  whether  the  observed  effeots  are  the  result  of  a deorease  in  the 
rate  of  decomposition  or  whether  they  result  fronua  ohange  in  the  stoiohio- 
metry  of  the  reaotion.  The  latter  possibility  is  suggested  by  the  faot  that 
in  the  presence  of  trimethylboron  there  are  obtained  smaller  amounts  of  solidd 
whose  formation  would  be  attended  by  the  evolution  of  the  larger  quantities 
of  hydrogen. 

It  should  also  be  mentioned  that  in  the  experiments  in  whioh  trimethyl- 
boron was  present,  liquid  produots  were  always  obtained.  So  far  as  present 
indications  go,  they  seemed  to  contain  methylated  boranes.  Their  identifica- 
tion may  prove  diffioult  sinoe  the  more  highly  methylated  diboranes  have 
vapor  tensions  approaching  those  of  pentaborane. 

We  are  of  the  opinion  that  further  study  of  the  pyrolysis  of  diborane 
in  the  presenoe  of  trimethylboron  (or  of  inert  gas)  shoulg  be  undertaken. 

The  marked  deorease  in  the  amount  of  solids  formed  at  150°  - 3 75°  may  mean 
that  higher  temperatures,  (whioh  would  diminish  the  likelihood  of  the 
formation  of  dihydropentaborane  (BJL . ) ) may  be  employed  without  corresponding 
loss  of  volatile  boranes.  This  supposition  receives  some  support  from  the 
faot  that  none  of  the  reaotion  produots  obtained  in  the  presenoe  of  trimethyl 
boron  spontaneously  lost  hydrogen  at  room  temperature,  as  would  have  been 
the  oase  had  dihydropentaborane  been  present. 

Unfortunately,  Dr . Steindler,who  oarried  out  the  experiments  herein 
reported,  has  left  the  project.  How  soon  a replacement  will  be  ready  to 
undertake  the  diffioult  work  cannot  yet  be  predicted.  He  haB  prepared  tables 
of  infra-red  data  whioh  should  be  of  value  in  identifying  the  produots  ob- 
tained in  fhture  work. 


V.  OTHER  EXPERIMENTAL  WORK  UNDERTAKEN  DURING  THE  PRESENT  CONTRACT  YEAR. 


A.  The  Preparation  of  B-methyl,  B-ohloroborazoles . 


The  reasons  for  desiring  to  prepare  B-dimethyl,  B-monoohloroborazole 
have  been  stated  in  the  introduction.  The  procedure  studied  is  the  replace- 
ment of  ohlorine  atoms  in  triohloroborazole  by  methyl  groups.  Grlgnard 
deagents  requiring  the  use  of  ether  were  avoided  because  of  the  complications 
the  presenoe  of  the  latter  might  oause.  Trimethylboron  and  dimethyl  zinc 
in  the  absence  of  solvents  were  ineffective  as  methylating  agents,  but 
dimethyl  zinc  in  toluene  solution  at  about  60°  C.  seemed  premising.  Further 
work  is  in  progress. 

B • Some  Additional  Experiments  on  the  Reduction  of  Tetraohlorodiborine  by 
borides  to  form  tetraboron  tetrachloride  have  so  far  given  only  negative  results^ 

C.  A few  experiments  on  the  use  of  iodine  as  a catalyst  in  the  formation  of 
sodium  aluminum  hydride  were  assigned  to  one  of  the  inexperienced  now 
assistants  to  give  him  experience  in  hydride  work.  No  Improvements  over  oldfer 
methods  were  aohieved. 
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VI.  PUBLICATIONS  DURING  THE  PRESENT  CONTRACT  YEAR. 

The  following  papers  have  been  published  during  the  present  oontraot 
year  and  have  been  sent  to  the  distribution  list  for  the  projeot.  The 
series  of  papers  entitled  "New  Developments  in  the  Chemistry  of  Diborano  and 
the  Borohydrides"  oontains  muoh  subject  matter  resulting  from  projeots  oarrled 
out  under  the  auspioes  of  the  National  Researoh  Committee,  the  Offiee  of 
Soientifio  Researoh  and  Development  and  the  Signal  Corps  Ground  Signal  Agenqy, 
in  addition  to  the  wcrk  done  under  Navy  auspioes.  The  organization  of  the 
work  and  the  writing  of  the  papers,  however,  occupied  a considerable  amount, 
of  time  of  the  director  of  the  present  projeot,  and  are  therefore  inoluded 
herein. 
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